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ABSTRACT 
A  PROCEDURE TO DETERMINE 
DIRECT DIVERSIONS FROM LAKE MICHIGAN 
I 1  1  i n o i s  d i v e r t s  wa te r  f rom Lake Mich igan t o  t h e  Chicago R i v e r  and 
Canal System i n  t h r e e  p r imary  ways: ( 1 )  d i v e r s i o n s  f o r  mun ic ipa l  wa te r  
supply, ( 2 )  storm water  d i v e r t e d  away f rom t h e  lake ,  and ( 3 )  d i r e c t  
d i v e r s i o n s  p r i m a r i l y  f o r  water  q u a l i t y  purposes. The U.S. Supreme Cour t  
has r u l e d  t h a t  t he  t o t a l  average d i v e r s i o n  must n o t  exceed 3200 cfs.  
S ince t h e  stormwater d i v e r s i o n  i s  u n c o n t r o l l a b l e ,  by reduc ing  t h e  amount 
necessary f o r  d i r e c t  d i ve r s i on ,  t h e  d i v e r s i o n  a v a i l  a b l e  f o r  mun ic ipa l  use 
can be increased.  
An o p t i m i z a t i o n  procedure, u t i l  i z i n g  an e f f i c i e n t  network a l go r i t hm ,  
i s  developed t o  determine t h e  average month ly  f l o w r a t e s  a t  t h e  t h r e e  
d i v e r s i o n  p o i n t s  on Lake Michigan. The a l g o r i t h m  min imizes t he  t o t a l  
amount d i v e r t e d  t h a t  i s  necessary t o  m a i n t a i n  t h e  d i sso l ved  oxygen s tandard 
i n  t h e  waterway system. The procedure i s  a p p l i e d  t o  eva lua te  d i r e c t  
d i v e r s i o n  needs under e x i s t i n g  c o n d i t i o n s  and a f t e r  i n s t a l l a t i o n  o f  t e n  
i ns t r eam a e r a t i o n  s t a t i o n s .  Resu l t s  show t h e  need f o r  l a r g e  d i v e r s i o n s  
du r i ng  t h e  summer months and p r i m a r i l y  a t  one d i v e r s i o n  p o i n t .  The 
i n s t a l  l a t i  on o f  i ns t ream aera to rs  reduces t he  need f o r  d i r e c t  d i v e r s i o n s  
by approx imate ly  25 percent .  
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INTRODUCTION 
Multipurpose intentions for  the nation's water resources have often 
created problems due to the i r  different and often confl icting characteristics.  
Various water resource projects can be used for several purposes, including 
municipal water supply, recreation, navigation, wastewater disposal , 
flood control , hydroelectric power and i rr igat ion.  However, problems ar i se  
when one water body i s  used for conflicting goals, such as recreation 
and wastewater disposal. 
BRIEF BACKGROUrlD 
- 
The Chicago River and Canal System i s  an example of a natural water 
resource modified by man t o  serve several purposes. The waterway system 
i s  operated with the intention of managing floods, providing navigable 
waterways, providing a receptacle for  treated waste disposal, and maintaining 
a certain water quality in consideration of health and  aesthetic concerns. 
The waterway system, prior to  i t s  modification, consisted of the 
Chicago and Calumet River basins, emptying into Lake Michigan. Modification 
of the system involved the construction of three canals enabling controlled 
interbasin transfer of water, a t  three different locations, from the Lake 
Michigan Watershed to  the Flississppi Watershed. 
These diverted waters help sat isfy conflicting requirements for 
municipal water supply, navigation, and the maintenance of water quality 
in the waterway system. However, the U .  S .  Supreme Court severely restr ic ted 
the total  amount of water that can be diverted by the s ta te  of I1 1 inois 
from Lake Michigan. Because of expanding requirements for municipal water 
supply and the 1 imit on total diversion, the amount of water remaining to 
maintain surface water quality standards has been severely reduced. 
The c h a r a c t e r i s t i c s  o f  t h e  Chicago R i ve r  and Canal Systeni a l l o w  s i g n i f i -  
can t  human c o n t r o l  over  t h e  a l l o c a t i o n  o f  streamflows i n  t h e  var ious  t r i b u t a r y  
channels. Through j u d i c i o u s  management o f  t h e  waterway system, t h e  adverse 
impact o f  r e s t r i c t e d  use o f  l a k e  wate r  on t h e  water  q u a l i t y  o f  t h e  r i v e r  and 
canal system can be minimized. 
NEED FOR A DIRECT DIVERSION POLICY 
The c o n s t r a i n t  on l a k e  wate r  d i v e r t e d  by I l l i n o i s  inc ludes  a l l  wa te r  
d i v e r t e d  from t h e  Lake Michigan Watershed. Th is  i nc l udes  mun ic ipa l  wa te r  
supply  and d i v e r t e d  r u n o f f ,  i n  a d d i t i o n  t o  t h e  d i r e c t  d i v e r s i o n s .  P ro jec ted  
demands f o r  t r e a t e d  l a k e  water  a re  h i gh  because o f  t h e  cont inued demand f o r  
munic ipa l  water  by Chicago and many surrounding communities. 'The suburban 
demand has r e s u l t e d  f rom a  s t e a d i l y  decreasing a v a i l a b i l  i ty o f  groundwater, 
upon which many o f  t h e  suburban m u n i c i p a l i t i e s  r e l y .  
Cur ren t  d i sso l ved  oxygen (DO) l e v e l s  a re  , o f t e n  substandard, and d u r i n g  
summer months, some sec t i ons  o f  t he  waterway system are  anaerobic.  Proper 
a1 l o c a t i o n s  o f  1  ake water  d i ve rs i ons  i n  con junc t i on  w i t h  remedial  measures w i  11 
a l l o w  maintenance o f  t h e  DO standard. Use o f  l a k e  wate r  f o r  d i l u t i o n  purposes 
however, e l  i m i  nates i t s  use f o r  domestic purposes. 
There i s  a  g r e a t  need t o  determine how much water  should be d i v e r t e d  
d i r e c t l y  i n t o  t h e  r i v e r  and canal system t o  upgrade i t s  water  qua1 i t y .  These 
d i v e r s i o n s  should be t h e  minimum necessary, i n  o rder  t o  a l l o w  t h e  maximum 
amount t o  be used f o r  domes t i c  purposes. A mathematical o p t i m i z a t i o n  procedure 
which minimizes t h e  d i r e c t  d i v e r s i o n  necessary t o  ma in ta i n  p roper  wate r  q u a l i t y ,  
would a i d  i n  t h e  f o r r n ~ ~ l a t i o n  o f  an o v e r a l l  d i v e r s i o n  p o l i c y  f o r  t he  s t a t e  o f  
1 : l l i n o i s .  
Th is  r e p o r t  descr ibes an o p t i m i z a t i o n  procedure which determines t he  
minimum d i r e c t  d i v e r s i o n  necessary t o  ma in ta i n  d i sso l ved  oxygen standards 
i n  t h e  stream. Whi le de te rmin ing  t h e  minimum t o t a l  d i r e c t  d i v e r s i o n ,  t he  
procedure a1 l o c a t e s  t h e  d i v e r s i o n s  b o t h  ternporal l y  and g e o g r a p h i c a l l y  , 
a l l o w i n g  a d e c i s i o n  maker t o  s p e c i f y  t h e  month ly  average d i v e r s i o r ~  a t  each 
o f  t h e  t h r e e  d i v e r s i o n  p o i n t s .  
The use o f  an o p t i m i z a t i o n  procedure w i l l  a l s o  a l l o w  r a p i d  d e t e r -  
m i n a t i o n  o f  t h e  d i v e r s i o n  under v a r y i n g  c o n d i t i o n s .  Changes i n  t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  o f  t h e  streams can e a s i l y  be i n c o r p o r a t e d .  I n  a d d i t i o n ,  
v a r i o u s  p l a n s  t o  upgrade aspects o f  t h e  system can be i n c o r p o r a t e d  i n  t h e  
procedure.  
RELATED RESEARCH 
Numerous s t u d i e s  have used mathemat ical  model1 i r l g  t o  a i d  i n  t h e  manage- 
ment o f  w a t e r  resource  systems. The e a r l i e s t  was t h e  developrrlent by 
S t r e e t e r  and Phelps (1925) o f  t h e  d i s s o l v e d  oxygen sag curve.  A l though 
d i s s o l v e d  oxygen i s  o n l y  one measure o f  s u r f a c e  w a t e r  q u a l i t y ,  i t  has beer1 
used as parameter because: ( 1  ) DO i s  accepted as a  p r i n c i p a l  i n d i c a t o r  o f  
s t ream q u a l i t y ,  ( 2 )  i t  i s  e a s i l y  determined i n  t h e  f i e l d ,  and ( 3 )  t h e  
m o d i f i e d  S t ree te r -Phe lps  e q u a t i o n  has been shown t o  be reasonable  f o r  d e s c r i b -  
i n g  t h e  DO c o n c e n t r a t i o n  i n  streams. 
Severa l  s t u d i e s  have used o p t i m i z a t i o n  procedures i n  c o n j u n c t i o n  w i t h  
t h e  d i s s o l v e d  oxygen sag cu rve  t o  a i d  i n  wa te r  q u a l i t y  management d e c i s i o n s ,  
i n c l  u d i  rlg Thomar~n (1965),  Deinibnger (1966),  Liebman and Lynn (1966),  Me ie r  
and B e i g h t l e r  (1967), ReVel le,  L O U C ~ S ,  and Lynn (1967, 1968), Anderson and 
Day (1968),  D y s a r t  (1970),  and Shih  (1970) .  I n  most cases t h e  f l o w r a t e  was 
known and assumed constant ,  and t h e  managerrlent d e c i s i o n s  i n v o l v e d  waste 
d i s c h a r g e  a l l o c a t i o n s .  I n  a d d i t i o n ,  o p t i m i z a t i o n  procedures have been 
a p p l i e d  t o  low f l ow augmentat ion and i t s  e f f e c t s  on d i s s o l v e d  oxygen 
concen t ra t ions ,  as r e p o r t e d  by Worley, Burgess and Towne ( 1  965) and Rogers 
and Gerrlrrlel (1  966) . 
The Chicago R i v e r  and Canal System has been the  s u b j e c t  o f  severa l  
s t u d i e s  concerned w i t h  bo th  s p e c i f i c  wa te r  q u a l i t y  aspects and t h e  e f f e c t  
t h e  system has on o v e r a l l  water  use i n  no r t heas te rn  I l l i n o i s .  
The s p e c i f i c  aspects o f  wa te r  q u a l i t y  de te rm ina t i on  and p r e d i c t i o n  
have been t h e  s u b j e c t  o f  severa l  r e p o r t s  by t h e  I l l i n o i s  S t a t e  Water Survey. 
Bu t t s ,  Kothandaraman, and Evans (1  973) d iscussed p r a c t i c a l  cons ide ra t i ons  f o r  
computing t he  waste assi in i  l a t i v e  c a p a c i t y  o f  I 1  1  i n o i s  streams and s t a t e d  t h a t  
t he  n e t  e f f e c t s  o f  ber i thal  depos i t s ,  photosynthes is ,  and BOD removal by 
sed imenta t ion  cou ld  be i nc l uded  i n  a  mathematical  f o r m u l a t i o n  by c a l i b r a t i o n .  
B u t t s  (1974) presented a  s tudy on waste a1 l o c a t i o n  f o r  se l ec ted  streams 
i n  t he  s t a t e  o f  I 1  l i n o i s .  The s tudy  was prepared f o r  t h e  I l l i n o i s  Env i ron-  
mental  P r o t e c t i o n  Agency and i n c l u d e d  the  Calumet R i v e r  Basin, t h e  Chicago 
R iver ,  and t he  DuPage R i v e r  Basin.  A  s i m p l i f i e d  computer s i m u l a t i o n  was 
presented t h a t  i nc l uded  va lues f o r  s ludge (ben tha l )  oxygen demand (SOD) and 
oxygen p roduc t i on  by pho tosyn thes is .  An a d d i t i o n a l  s t udy  (Bu t t s ,  Evans, and 
L i n  1975) on t h e  water  q u a l i t y  f ea tu res  o f  the  upper I l l i n o i s  R i v e r  concluded 
t h a t  t h e  DO concen t ra t i on  can be g r e a t l y  i n f l u e n c e d  by t h e  presence of s ludge 
b e n t h i c  depos i t s ,  a l g a l  growth, presence o f  l o c k s  and dams, and wate r  c i r -  
c u l a t i o n  by power p l a n t s .  
Mathematical  s i l r i u la t ion  models have been used as a  bas is  f o r  p l ann ing  on 
t he  r i v e r  and canal  systerr~. Cons iderab le  research has been conducted by t he  
Metropol  i t a n  S a n i t a r y  D i s t r i c t  o f  Grea te r  Chicago (MSDGC) on an in-house bas is .  
Macai t i  s, Povi  l a i  t i  s, and Carr~eron (1  974, 1977) p resen t  r e s u l  t s  from a  computer 
program designed t o  c a l c u l a t e  t he  necessary d i s c r e t i o n a r y  d i v e r s i o n s  f o r  d r y  
weather days. T h e i r  model i s  based on t h e  S t ree te r -Phe lps  equat ion,  a l l o w i n g  
bo th  conse rva t i ve  and nonconservat ive p o l l u t a n t s .  The model was used t o  ana- 
l y z e  t h r e e  c a p i t a l  improvements scheduled by MSDGC: ins t ream a e r a t i o n ,  upgrading 
of sewage t r e a t m e n t  p l a n t s ,  and Phase I o f  t h e  Tunnel and R e s e r v o i r  P lan.  
(The c a p i  t a l  improvements a r e  d e s c r i b e d  i n  Chapter I I ) The average y e a r l y  
d i s c r e t i o n a r y  d i v e r s i o n s  necessary t o  m a i n t a i n  t h e  w a t e r  q u a l  i ty s tandards 
a f t e r  t h e  a n t i c i p a t e d  improvements were r e p o r t e d  as :  
C o n d i t i o n s  D i s c r e t i o n a r y  D i v e r s i o n  i n  c f s  
E x i s t i n g  (1975) 2550 
I n s t r e a m  A e r a t i o n  
T e r t i  t a r y  Treatment  
Phase I TARP 0  
M a c a i t i s  (1974) u t i l i z e d  t h e  same model t o  f u r t h e r  s t u d y  t h e  c a p a b i l i t i e s  
o f  ins t rearn  a e r a t i o n .  The r e p o r t  p o i n t s  o u t  t h e  l i m i t a t i o n s  o f  i n s t r e a m  
a e r a t i o n  d u r i n g  wet  p e r i o d s  when combined sewers o v e r f l o w  i n t o  t h e  waterway 
system. 
A s t u d y  s i m i l a r  t o  t h e  MSDGC p r o j e c t  was per formed by Harza E n g i n e e r i n g  
Con~parly ( 1  976) f o r  t h e  D i v i s i o n  o f  Water Resources o f  t h e  I 1  1  i n o i s  Department 
o f  TPanspor ta t i on .  The o b j e c t i v e  a g a i n  was t o  de te rm ine  t h e  d i s c r e t i o n a r y  
d i v e r s i o n  necessary t o  m a i n t a i n  w a t e r  qua l  i ty  s tandards.  QUAL-I1 (Nor ton  
e t  a l .  1974) was used as t h e  b a s i s  f o r  development o f  a  mathemat ica l  model 
f o r  t h e  r i v e r  and cana l  system b o t h  above and below Lockpor t .  The s t u d y  
emphasized t h e  impor tance o f  carbonaceous BOD and b e n t k i  c  depos i  t s  . R e s u l t s  
o f  t h e  a n a l y s i s  f o r  t h e  s e c t i o n  above L o c k p o r t  a r e  summarized below f o r  t h e  
sequence o f  improvements proposed by MSDGC: 
C o n d i t i o n s  D i r e c t  D i v e r s i o n  i n  c f s  
E x i  s t i  ng 2060 
I n s t r e a m  a e r a t i o n  660 
TARP-Phase I 420 
N i t r i f i c a t i o n  42 0  
TARP-Phase. I I 31 0 
I t  should  !be p o i n t e d  o u t  t h a t  these numbers r ep resen t  d i r e c t  d i v e r s i o n s  
and t h e r e f o r e  i n c l u d e  lockage and leakage. 
The Department o f  T ranspo r t a t i on  a1 so con t rac ted  w i t h  Kei f e r  and 
Assoc ia tes,  Incorpora ted ,  t o  p rov i de  an o v e r a l l  e v a l u a t i o n  o f  wa te r  use 
i n  no r t heas te rn  I 1  1  i n o i s  (Kei f e r  and Assoc ia tes,  I n c .  1976). P a r t  o f  
the  p r o j e c t  inc, luded t h e  s tudy  o f  t h e  p o t e n t i a l  r e d u c t i o n  i n  t h e  use of 
d i l u t i o n  water .  The tlaza and FISDGC f i n d i n g s  were r e p o r t e d  and cornpared, 
b u t  no a d d i t i o n a l  d i s c r e t i o n a r y  d i v e r s i o n  s tud ies  were performed. P o t e n t i a l  
reduc t ions  i n  lockage and leakage were es t imated  and i nc l uded  a  v a r i e t y  
of measures t o  min imize leakage and lower  t h e  number o f  w a t e r c r a f t  us i ng  
t he  l ocks .  The e x i s t i n g  and es t imated  lockage and leakage a r e  shown i n  
Table 1. The s t u d y  concluded t h a t  t h e  d i r e c t  d i v e r s i o n s  necessary t o  
m a i n t a i n  wa te r  q u a l i t y  standards would g r a d u a l l y  d i m i n i s h  because o f  t h e  
proposed improvements, As a  r e s u l t ,  t h e  lockage and leakage w i l l  become 
a  ma jo r  p a r t  o f  t h e  d i r e c t  d i v e r s i o n s .  
Table 1 
E x i s t i n g  and Est imated Minimum Lockage and Leakage 
( K i e f e r  and Associates,  Incorpora ted  1976) 
E x i s t i n g  Lockage and Leakage f o r  Win te r  Spr ing  Summer Fa1 1  
W i  1  met te  
Chicago R i ve r  
O 'B r i en  Locks 
Est imated Minimum Lockage 
and Leakage f o r  W i  n t e r  Spr ing  Summer Fa1 1  
Wi lmet te  
Chicago R i  ve r  
0 '  B r i e n  Locks 
THE STUDY AREA 
THE CHICAGO RIVER AND CANAL SYSTEM 
The Chicago R i ve r  and Canal System i s  a  unique waterways network which 
was developed over  t h e  years  t o  meet s p e c i f i c  needs o f  t h e  Grea te r  Chicago 
M e t r o p o l i t a n  area (see F ig .  1 ) .  The Chicago R i v e r  (No r t h  and South Branch) 
o r i g i n a l l y  f l owed i n t o  Lake Michigan, b u t  i n  t h e  e a r l y  p a r t  o f  t h e  cen tu r y  
t h e  f l o w  o f  t h e  r i v e r  was reversed by means o f  a  channel l e a d i n g  t o  t h e  
Des P l  a ines  R ive r ,  which e v e n t u a l l y  empties i n t o  t h e  M i s s i s s i p p i  R i ve r .  
Th i s  channel, c a l l e d  t h e  Chicago San i t a r y  and Ship Canal , leads f rom t h e  
South Branch o f  t h e  Chicago R i v e r  and a l l ows  t h e  c i t y  t o  d ispose o f  wastes 
w i t h o u t  con tamina t ing  Lake Michigan, which ac t s  as t h e  c i t y ' s  wa te r  supply .  
Two o t h e r  channels were subsequent ly added which a l s o  connect t h e  r i v e r  
system w i t h  Lake Michigan. The Calumet Sag Channel was cons t ruc ted  f rom 
t h e  Calumet R i v e r  on t h e  south end o f  Lake Mich igan t o  t h e  S a n i t a r y  and 
Ship  Canal, The Calumet Sag Channel a l s o  a l lowed t h e  f l o w  t o  be reversed  
i n  t h e  Calumet R i v e r  and t h e r e f o r e  d ra i ned  water  f r om  Lake Michigan. The 
No r th  Shore Channel draws wate r  f rom Lake Mich igan i n  W i l n e t t e ,  n o r t h  o f  
Chicago. The channel empties i n t o  t h e  Nor th  Branch o f  t h e  Chicago R i v e r  
and c o n t r i b u t e s  t o  t he  f l o w  which e v e n t u a l l y  reaches t h e  Des P la i nes  R i ve r .  
Flow i n t o  t h e  r i v e r  system f rom Lake Mich igan i s  c o n t r o l l e d  by l ocks  
and s l u i c e  gates a t  bo th  t h e  Chicago R i v e r  C o n t r o l l i n g  Works and t h e  O 'B r i en  
C o n t r o l l i n g  Works l oca ted  on t h e  Calumet R i ve r ,  and by pumping r a t e s  a t  
Wi lmet te  Harbor. Capac i t i es  o f  t he  t h r e e  d i v e r s i o n  p o i n t s  determine t h e  
maximum f l o w  i n t o  t h e  waterway system. A t  W i  l m e t t e  t h e  maximum f l o w  i s  
700 c f s ;  a t  t h e  Chicago R i v e r  C o n t r o l l i n g  Works, 5508 c f s ;  and a t  O ' B r i e n  
Locks, 3560 c f s ;  f o r  a  maximum d i v e r s i o n  o f  approx imate ly  10,000 c fs  

(Me t ropo l i t an  San i t a r y  D i s t r i c t  o f  Greater  Chicago, 1976 ) . 
Flow l e a v i n g  i h e  systerrl i s  c o n t r o l l e d  by l o c k  and s l u i c e  gates a t  
the  Lockpor t  Cont ro l  1  i ng Works, 1  ocated near Lockpor t ,  I 1  1  i no i  s  (35 m i  1  es 
southwest o f  Lake Mich igan) .  The c o n t r o l l i n g  works r e g u l a t e  f l o w  i n t o  t h e  
Des P la ines  R iver .  
Water f l o w i n g  through t h e  t h r e e  d i v e r s i o n  p o i n t s  i s  termed d i r e c t  
d i v e k i o n  and i s  a t t r i b u t e d  t o  ( 1 )  leakage a t  t h e  s l u i c e  gates and 
Wi lmet te  pumps, ( 2 )  lockage f o r  w a t e r c r a f t  a t  t he  Chicago R i ve r  and 
0 '  B r i e n  Locks, ( 3 )  a  smal l  amount o f  nav iga t i ona l  makeup water ,  and (4 )  d i l u -  
t i o n  water  t o  he lp  ma in ta i n  wate r  q u a l i t y .  The lockage, leakage, and nav i -  
g a t i o n a l  makeup water  a r e  considered f i x e d  and termed nond i sc re t i ona ry  
w h i l e  d i l u t i o n  wate r  i s  cons idered d i s c r e t i o n a r y .  Both nond i sc re t i ona ry  
and d i s c r e t i o n a r y  d i ve rs i ons  p rov ide  r e l a t i v e l y  good qua1 i ty d i  1  u t i o n  
water ,  b u t  on l y  t h e  d i s c r e t i o r l a r y  p o r t i o n  can be v a r i e d  i n  response t o  
p r e v a i l i n g  water  q u a l i t y  cond i t i ons .  
I n  a d d i t i o n  t o  t h e  d i s c r e t i o n a r y  and .nond isc re t ionary  d i r e c t  d i v e r s i o n s  
a t  t he  t h ree  c o n t r o l l i n g  works, i s  t h e  water  d i v e r t e d  f o r  Chicago's 
mun ic ipa l  wa te r  supply  and s torm r u n o f f  d i v e r t e d  f rom t h e  Lake Mich igan 
watershed. The t o t a l  d i v e r s i o n  from Lake Plichigan, t he re fo re ,  i nc l udes  
d i r e c t  d i ve rs i ons ,  mun ic ipa l  water  supply,  and stormwater r u n o f f .  Storm 
r u n o f f  c o n s t i t u t e s  t he  major  uncon t ro l  l e d  i n f l o w  i n t o  t h e  waterway. More 
w i l l  be s a i d  about r u n o f f  c o l l e c t e d  i n  combined sewers i n  con junc t i on  w i t h  
t h e  sewage t reatment  p l a n t s .  
Three major sewage t rea tment  p l a n t s  c o n t r i b u t e  e f f l u e n t  t o  t h e  r i v e r  
and canal system. The Nor th  S ide Sewage Treatment P l a n t  (350 MGD) e f f l u e n t  
f l ows  i n t o  t he  Nor th  Shore Channel. The San i t a r y  and Ship Canal rece ives  
e f f l u e n t  f rom the  West Southwest Sewage Treatment P l a n t  (870 MGD) , and 
t h e  Calumet Treatment P l a n t  (210 MGD) e f f l u e n t  f l ows  i n t o  t h e  Calumet 
R i ve r  above i t s  j u n c t i o n  w i t h  t he  Cal Sag Channel, Each o f  these p l a n t s  
p rov ides  a  h i g h  degree o f  t reatment ,  g e n e r a l l y  around 85-90 percen t  removal 
o f  BOD, Chicago, however, has a  combined sewer system and t h e r e f o r e  t he  
t rea tment  p l a n t s  cannot t r e a t  t he  l a r g e  f l o w  volumes which accompany major  
storms i n  t h e  area. I n  such instances t h e  t rea tment  p l a n t s  a re  bypassed 
and e f f l u e n t  i s  d ischarged d i r e c t l y  t o  t he  waterways system a f t e r  c h l o r i n a -  
t i o n .  These discharges occur  on t h e  average o f  once i n  every  f o u r  o r  
f i v e  days. Such i n t e r m i t t e n t  load ings  c o n t r i b u t e  g r e a t l y  t o  t h e  poor water  
q u a l i t y  o f  t he  r i v e r  and canal system i n  two ways. The f i r s t  i s  t h e  oxygen 
d e p l e t i o n  due t o  t he  h i gh  concen t ra t i on  o f  BOD i n  t he  waste. More impor- 
t a n t ,  however, a r e  t he  r e s u l t i n g  ben th i c  depos i ts  which con t i nue  t o  demand 
oxygen a f t e r  t h e  p e r i o d i c  discharges o f  waste. 
Cur ren t  d i s s o l  ved oxygen l e v e l s  a r e  o f t e n  substandard, and d u r i n g  
surruner rr~onths some sec t ions  o f  t he  waterways system a re  anaerobic .  F i gu re  2  
sF~ows a  t y p i c a l  surnrner d i sso l ved  oxygen p r o f i l e  (August 8, 1973). Proper 
a l l o c a t i o n s ,  i n  con junc t i on  w i t h  remedial  measures w i l l  a l l o w  maintenance 
o f  t h e  d i sso l ved  oxygen standard. 
REGULATIONS 
Several  s t a t u t e s  govern t h e  ope ra t i on  o f  t h e  Chicago R i ve r  and Canal 
System,, i n c l l r d i  ng t he  maintenance o f  nav igab le  waterways, t he  maintenance 
o f  wa te r  qua1 i t y  standards, and a  r e s t r i c t i o n  on wate r  d i v e r t e d  f rom Lake 
M i  c h i  gan. 
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Figure 2 .  Dissolved Oxygen P r o f i l e  ( I l l i n o i s  S ta te  Water Survey 1974) 
Nav iga t i on  
T i t l e  33 of t h e  Federal  Code of Regula t ions de f i nes  t h e  e l e v a t i o n s  t o  
be ma in ta ined  f o r  n a v i g a t i o n  i n  bo th  t h e  Chicago R i v e r  and O 'B r i en  
Con t r o l l  i n g  works. Water 1 eve ls  must remain between -2.0 f e e t  CCD (Chicago 
City Datum) and -0.5 CCD, except  d u r i n g  t imes o f  s torm r u n o f f  o r  low l ake  
l e v e l s .  I f  t h e  l a k e  l e v e l  f a l l s  below -1.5 CCD then  r i v e r  l e v e l s  a t  these 
l o c a t i o n s  a r e  t o  be kep t  0,5 f e e t  below t h e  l a k e  l e v e l .  Again d u r i n g  t imes  
o f  heavy s to rm r u n o f f  t h i s  c o n s t r a i n t  i s  re laxed .  
Na t e r  Qua 1 i t y  
The Water P o l l u t i o n  Regulat ions o f  I l l i n o i s  (1973) des igna te  t h r e e  
d i f f e r e n t  s tandards f o r  t h e  Chicago R i v e r  and Canal Systern, depending on 
t h e  s e c t i o n  o f  t h e  system i n  ques t ion .  The No r th  Branch o f  t h e  Chicago R i ve r  
above i t s  con f luence  w i t h  t h e  Nor th  Shore Channel f a l l s  i n t o  t h e  general  use 
category  and must m a i n t a i n  d i sso l ved  oxygen (DO) l e v e l s  n o t  l e s s  than  6.0 mg/l 
d u r i n g  a t  l e a s t  16 hours o f  any 24-hour pe r i od ,  and n o t  l e s s  than  5.0 mg/l 
a t  any t ime.  The No r th  Shore Channel must m a i n t a i n  DO l e v e l s  n o t  l e s s  than 
5  mg/l d u r i n g  16 hours o f  any 24-hour p e r i o d  and n o t  l e s s  than  4 mg/l a t  
any t i r r~e .  The remainder o f  t h e  system f a l l s  i n t o  t h e  r e s t r i c t e d  use category  
which p r i o r  t o  December 31, 1977, r e q u i r e d  DO l e v e l s  t o  be n o t  l e s s  than  
3.0 mg/l d u r i n g  a t  l e a s t  16 hours i n  any 24-hour' p e r i o d  n o r  l e s s  than  2.0 mg l l  
a t  any t irne. E f f e c t i v e  December 31, 1977, t h e  r e s t r i c t e d  use DO standard 
was r a i s e d  t o  4  mg/l a t  a l l  t imes.  
D i v e r s i o n  R e s t r i c t i o n  
E f f e c t i v e  March 1, 1970, t h e  U. S. Supreme Cour t  r u l e d  t h a t  t h e  S t a t e  
of I l l i n o i s  i s  r e s t r i c t e d  t o  a  t o t a l  d i v e r s i o n  f rom t h e  Lake Mich igan 
Watershed o f  3,200 c f s ,  on an annual average. The r u l i n g  a1 lowed t h e  use of 
a  f i v e - y e a r  account ing p e r i o d  6 u t  r e s t r i c t e d  average f l o w  t o  no more than  
3,520 c fs  i n  any one year .  The r u l i n g  r e s u l t e d  from a  s u i t  brought  by 
t h e  o t h e r  s t a t e s  bo rde r i ng  t h e  f i v e  Great Lakes and was i n i t i a t e d  d u r i n g  
the  m idd le  1960's,when l a k e  l e v e l s  were ext remely  low. However, i n  t h e  
years  f o l  l ow ing  t h e  r u l i n g  l.ake l e v e l s  were e x c e p t i o n a l l y  h igh,  r e s u l t i n g  
i n  ex tens i ve  shore e ros ion .  Consequently, w i t h  t h e  passage o f  t h e  Water 
Resources Development Ac t  o f  1976, I l l i n o i s  was a l lowed t o  d i v e r t  up t o  
10,000 c f s .  However, t h e  problem o f  a l l o c a t i n g  t h e  wate r  i s  o n l y  s l i g h t l y  
lessened. The inc rease  i s  a l lowed f o r  a  t r i a l  f i ve - yea r  per iod ,  o n l y  
when l a k e  l e v e l s  a re  above t h e  h i s t o r i c a l  average, and when t h e r e  i s  no 
t h r e a t  o f  downstream f lood ing .  There i s  s t i l l  a  g r e a t  need f o r  an ope ra t i ng  
p o l i c y  which w l l l  s a t i s f y  t h e  var ious  c o n s t r a i n t s  on t h e  waterways system. 
A1 I otment o f  Di  ve r t ed  Water 
On A p r i l  29, 1977, t h e  s t a t e  of I l l i n o i s  announced new a l l o c a t i o n s  o f  
t h e  a v a i l a b l e  d i v e r s i o n  water  ( I 1  1  i n o i s  Departrr~ent o f  T ranspo r ta t i on  1977). 
O f  t h e  196 communities app l y i ng  f o r  l a k e  water  f o r  mun ic ipa l  use, 43 were 
denied a l l o c a t i o n s .  I n  a d d i t i o n ,  320 c f s  was a l l o c a t e d  f o r  d i s c r e t i o n a r y  
d i ve rs i on .  Table 2  shows t h e  o r i g i n  o f  t h i s  amount. 
Table 2. A1 lo tment  o f  Lake Michigan Water f o r  
D i s c r e t i o n a r y  .D ivers ion ,  i n  c f s *  
Spr ing Summer Fa1 1  Winter  Annual Average 
Chi cago R i  ver  0  753 18 0  
0 '  B r i e n  Locks 0  293 3  0 
TOTAL 5  5  1  14.7 7  6  0  320 
*Source: ( I 1  1 i n o i s  Department o f  ~ r a n s ~ o r t a t i  on 1 9 7 7  ) . 
The nurr~bers i n  Table 2 were based on t h e  r e s u l t s  o f  t he  s tud ies  by 
MSDGC (1 974) and Harza Engineer ing Company (1 976). The I 1  1  i no i  s  Department 
o f  T ranspo r ta t i on  (IDOT) , respons ib l e  f o r  t h e  a1 1  oca t ions  , used p a r t s  o f  
bo th  s t u d i e s  i n  t h e t r  de te rmina t ion .  T h e i r  reasoning was based on t he  
f a c t  t h a t ,  a1 though t he  procedures used by bo th  were s i r n i l a r ,  i n  many cases 
i n p u t  data v a r i e d  cons iderably .  IDOT used t h e  r e s u l t s  f rom t h e  sec t i ons  
o f  t h e  s tud ies  they tt- ought were based on t h e  rr~ost accurate data.  
CURRENT PRACTICE 
Operat ion o f  t h e  Chicago R i ve r  and Canal Systerr~s i s  under t h e  j u r i s -  
d i c t i o n  o f  t h e  Metropol  i t a n  Sa r~ i  t a r y  D i s t r i c t  o f  Grea te r  Chicago. 
MSDGC regu la tes  t h e  f l o w s  i n  t h e  waterways system w i t h  severa l  cons ide ra t i ons  
i n  mind, i n c l  ud i  ng t h e  n a v i g a t i o n  requirements,  water  qual- i  t y  standards, 
f e d e r a l l y  imposed f l o w  regu la t i ons ,  and f l o o d  c o n t r o l .  Neg lec t ing  storm 
r u n o f f ,  t h e  water l e v e l s  a re  ma in ta ined  as h i g h  as t he  n a v i g a t i o n a l  and 
s t reamf low r e g u l a t i o n s  w i l l  pe rmi t ,  i n  o rde r  t o  inc rease  t he  d i s s o l v e d  
oxygen l e v e l  o f  t h e  system. Because o f  h i ghe r  DO l e v e l s  du r i ng  c o l d e r  
weather, t h e  average month ly  f l o w s  a r e  u s u a l l y  h igher  du r i ng  summer months. 
I n  o r d e r  t o  p reven t  f l o o d i n g  as a  r e s u l t  o f  heavy s torm r u n o f f ,  t he  MSDGC 
lowers t h e  water  l e v e l  a t  t he  Lockpor t  C o n t r o l l i n g  Works and ceases d i v e r s i o n s  
f rom Lake Michigan. Reduct ion o f  t h e  wate r  l e v e l  p r i o r  t o  a  storrrl i s  
performed on t h e  bas is  o f  r a i n f a l l  p r e d i c t i o n s .  Water l e v e l s  a r e  lowered 
s i g n i f i c a n t l y  below the  n a v i g a t i o n  s tandard be fo re  t h e  o r ~ s e t  o f  a  severe 
s tor in  and gene ra l l y  r i s e  above t he  s tandard f o l  l ow ing  it. Occas iona l l y  , 
h igh  l e v e l s  i n  t h e  waterway system necess i t a te  d ischarg ing  wate r  back i n t o  
Lake Mich igan a t  t he  Chicago R i ve r  Cont ro l  1  i n g  Works. Th is  d ischarge 
takes p l ace  when h i g h  water  l e v e l s  t h rea ten  f l o o d i n g  o f  low e l e v a t i o n s .  
16 
For  t h e  years  1971 through 1976 d i r e c t  d i v e r s i o n s  have averaged 777 c f s .  
The values d u r i n g  t h e  l a s t  t h ree  yea rs  o f  t h i s  per iod ,  however, were sub- 
s t a n t i a l l y  below t h i s  average. Table 3  shows t h e  d i r e c t  d i v e r s i o n s  i n  
r e l a t i o n  t o  t h e  t o t a l  wa te r  d i v e r s i o n .  
Table 3. Lake Michigan D ivers ions  by I l l i n o i s ,  c f s *  
Type o f  D i ve rs i on  1971 1972 1973 1974 1975 1976 
- - - 
D i r e c t  D i ve rs i on  726 1322 958 640 541 475 
Storm Runoff 679 157 857 774 888 977 
Domestic Pumping 1677 1657 1652 1699 1670 1658 
TOTAL : 3082 31 54 3467 3113 3099 3110 
*Source: The M e t r o p o l i t a n  San i t a r y  D i s t r i c t  o f  Greater  Chicago, 
Mai ntenance and Operat i  on Annual Report  (1 975, 1976). 
FUTURE IMPROVEMENTS 
The M e t r o p o l i t a n  San i t a r y  D i s t r i c t  o f  Greater  Chicago has proposed a  
sequence o f  c a p i t a l  improvements f o r  t h e  waterway sys tem. The p r o j e c t s  w i  11 
have s i g n i f i c a n t  impact  on t h e  wate r .  q u a l i t y  o f  t h e  r i v e r  and canal  system 
and t he re fo re  reduce t h e  necessary d i  r e c t  d i  ve rs ion .  
Ins t ream Ae ra t i on  
The p r o j e c t  c u r r e n t l y  under c o n s t r u c t i o n  i s  t h e  i n s t a l l a t i o n  o f  t e n  
i ns t ream a e r a t i o n  s t a t i o n s .  These ae ra to r s  w i  11 be p laced  a t  c r i t i c a l  
areas throughout  t h e  system as shown i n  Table 4. Each o f  t h e  d i f f u s e d  
a i r  s t a t i o n s  i s  a n t i c i p a t e d  t o  r a i s e  t h e  DO concen t ra t i on  t o  w i t h i n  90 
pe rcen t  o f  t h e  s a t u r a t i o n  c o n c e r ~ t r a t i o n  (Macai t i s  , Povi l a i  t i s ,  and Cameron 1977). 
T e r t i a r y  Treatment 
The t h r e e  ma jo r  wastewater t reatrnent p l a n t s  w i  11 be upgraded t o  p rov ide  
t e r t i a r y  t rea tment  by p r o v i d i n g  bo th  f i l t r a t i o n  and n i t r i f i c a t i o n .  The 
5'6LE 
0 ' PZE 
9 
: Lauuey3 6~s Le3 
3 
a 
3 
: heq~ues pue dlys 
8 
:~ar,;-j 06~3~~43 y~~e~g yq~o~ 
irrlprovements a r e  n o t  expected t o  have a  s i g n i f i c a n t  e f f e c t  on t h e  wate r  
q u a l i t y  above Lockpor t ,  however, s i n c e  t h e  c u r r e n t  e f f l u e n t  concen t ra t i ons  
a re  f a i r l y  low. I n  a d d i t i o n ,  t h e  t r a v e l  t imes t o  Lockpor t  a re  g e n e r a l l y  
s h o r t e r  than  t h e  t i m e  f o r  n i t rogenous  BOD e x e r t i o n .  
Tunnel and Reservo i r  P lan 
The most amb i t ious  p r o j e c t  i n v o l v e s  t h e  c o n s t r u c t i o n  o f  125 m i l e s  o f  
l a r g e  diarrleter t unne l s  t o  a c t  as a  r e s e r v o i r  f o r  combined sewer ove r f l ow .  
The Tunnel and Reservo i r  P lan  (TARP) wi  11 e f f e c t i v e l y  c o n t r o l  t h e  combined 
sewer wastewater c u r r e n t l y  o v e r f l o w i n g  i n t o  t h e  waterways when s t o r m f l  ows 
exceed t reat rnent  p l a n t  c a p a c i t i e s .  The ove r f l ow  w i  11 be s t o r e d  and gradual  l y  
pumped t o  expanded wastewater t r ea tmen t  p l a n t s .  The p r o j e c t  has been 
d i v i d e d  i n t o  two phases w i t h  comp le t ion  o f  Phase I expected i n  1982. 
Irrlplerrlentation o f  t h e  p l  arl w i  11 e l i m i n a t e  n o t  o n l y  con tamina t ion  immediate ly  
f o l l o w i n g  ove r f l ows  b u t  a l s o  t h e  c o n t i n u i n g  e f f e c t  o f  b e n t h i c  depos i t s  
r e s u l t i n g  f rom t h e  over f lows .  
SOLUTION PROCEDURE 
The procedure developed i n  t h i s  chap te r  deter r r~ i  nes t he  minimum average 
monthly d i ve rs i ons  necessary t o  ma in ta i n  wate r  qua1 i t y  standards. The 
f o r m u l a t i o n  o f  t h e  s o l u t i o n  procedure i s  accomplished i n  two bas i c  s teps .  
The f i r s t  i s  t he  development o f  an express ion t o  p r e d i c t  t h e  DO concen- 
t r a t i o n  f o r  va r ious  sec t ions  o f  t h e  waterway, g iven c e r t a i n  f l o w  r a t e s .  
The DO p r o f i l e s  a re  c a l c u l a t e d  us ing  t h e  St reeter -Phelps equat ion.  
The second s tep  i s  t o  u t i l i z e  t h e  DO equat ion  t o  t a b u l a t e  p o s s i b l e  DO 
concent ra t ions  r e s u l t i n g  f rom d i  f f e - r e n t  d i v e r s i o n  values f o r  va r ious  
sec t i ons  o f  t h e  waterway. The f l o w  and DO concen t ra t i on  values a re  
i nco rpo ra ted  i n t o  a  network, o r  m a t r i x ,  i n  such a  way t h a t  t he  l i n k s  i n  
t h e  network represen t  d i v e r s i o n  values and t he  nodes represen t  d i s c r e t e  
DO concent ra t ions .  Once t he  network i s  es tab l i shed ,  an e f f i c i e n t  network 
a l g o r i t h m  i s  a p p l i e d  t o  determine t he  minimum t o t a l  d i v e r s i o n .  To represen t  
t he  d i f f e r e n t  monthly cond i t i ons ,  t h e  o p t i m i z a t i o n  i s  r un  12 t imes.  
The s teps f o r  de te rmina t ion  o f  one month's d i v e r s i o n  a re  d e t a i l e d  i n  
t he  f o l l  owing sec t ions ,  
SECTIONING THE WATERWAY SYSTEM 
To model t h e  system, t h e  r i v e r  and canal network was d i v i d e d  i n t o  
f o u r  sec t i ons  w i t h  each sec t i on  subd iv ided  i n t o  reaches. Loca t ions  o f  t he  
11 reaches a re  t abu la ted  i n  Table 5 and shown schemat ica l l y  i n  F igu re  3. 
The smal l  segment o f  the.mouth o f  t h e  Chicago R i ve r  was ignored  i n  t he  
s e c t i o n i n g  and t h e  i n f l o w  a t  t he  Chicago R i v e r  C o n t r o l l i n g  Works was assumed 
t o  be a t  t h e  j u n c t i o n  o f  t h e  Nor th  and South branches. 
The f o u r  sec t ions  were es tab l i shed  t o  correspond t o  segments o f  t he  
waterway af fected by c e r t a i n  d i ve rs i ons .  I n  o t h e r  words, i f  Q, , Q2 and 
Q1 - Direct Diversion 
at Wilmette 
Northside Treatment Plant 
(ave. flow = 530 cfs) 
(ave. flow = 126 cfs) 
Q2 - Direct Diversion 
at Chicago Locks 
West-Southwest 
Treatment Plant 
(ave. flow = 1320 cfs) 
Q - Direct 
Calumet Treatment Plant Diversion at 
(ave. flow = 345 cfs) O'Brien Locks 
Lernont Treatment Plant 
(ave. flow = 2 cfs) 
Little Calumet 
River (ave. 
flow = 324 cfs) 
Lockport Controlling Works 
Figure 3. 
Schematic Diagram of Chicago River and Canal System 
(Ave. flows from 1973 data) 
(Circled numbers represent reach numbers.) 
Table 5. The Four Sect ions o f  t h e  Chicago R i v e r  and Canal System 
Sec t i on  Number Sec t i on  S t a r t  and End Po in t s  Reaches W i t h i n  Sec t i on  
W i  l m e t t e  Pumping S t a t i  on-Chi cago 
R i  ver  Con t ro l  1  i ng Works 1  , 2 and 3 
Chi cago R i ve r  Con t ro l  1  i n g  Works- 
Calumet Sag Junc t i on  w i t h  main 
channel 4 and 5 
0 , B r i e n  Cont ro l  1  i n g  Works- 
Calumet Sag Junc t i on  w i t h  main 
channel 8, 9, 10  and 11 
4 Calumet Sag J u n c t i o n  w i t h  main 
channel-Lockport  C o n t r o l l i n g  
works 6 and 7  
Q3 rep resen t  t h e  d i v e r s i o n s  a t  Wi lmet te ,  t h e  Chicago R i v e r  and O 'B r i en  
Locks r e s p e c t i  v e l y  , and assuming a1 1  o t h e r  parameters a re  cons tan t ,  then 
v a r y i n g  Q, w i l l  a f f e c t  t h e  DO concen t ra t i on  i n  s e c t i o n  1  and Q1 and Q2 
w i l l  a f f e c t  t h e  concen t ra t i on  i n  s e c t i o n  2. L i kew ise  v a r y i n g  Q3 w i l l  
a f f e c t  t h e  DO concen t ra t i on  a t  any p o i n t  i n  s e c t i o n  3, and Ql, Q2, and Q3 
w i l l  a1 1  impact t h e  concen t ra t i on  i n  s e c t i o n  4. 
Reaches w i t h i n  each s e c t i o n  were des ignated whenever s i g n i f i c a n t  
changes i n  t h e  r i v e r  depth, c ross - sec t i ona l  area,  deoxygenat ion c o e f f i c i e n t ,  
o r  f l o w  occurred.  I n  a l l  b u t  one case ( reach  7 ) ,  each s t a r t e d  a t  t h e  d ischarge 
o f  a  t r i b u t a r y  o r  a  wastewater t rea tment  p l a n t ,  o r  a t  a  p o i n t  o f  d i v e r s i o n  
from Lake Michigan. Reach 7  accommodates a  change i n  c ross - sec t i ona l  area. 
A1 though i t  a l s o  co inc ides  w i t h  t h e  Lemont Treatment P l a n t ,  t h e  smal l  
f l o w  c o n t r i b u t e d  by t h e  p l a n t  was n o t  i nco rpo ra ted .  D e t a i l e d  p h y s i c a l  
c h a r a c t e r i s t i c s  o f  t h e  reaches a r e  l i s t e d  i n  Appendix A. When u t i l i z i n g  
t h e  s o l  b t i  on procedure t o  eva lua te  t h e  e f f e c t  o f  t h e  i ns t ream a e r a t i o n  
s t a t i o n s ,  t e n  a d d i t i o n a l  reaches were added, each beg inn ing  w i t h  an 
a e r a t i o n  s t a t i o n .  Appendix F 1 i s t s  t h e  c h a r a c t e r i s t i c s  w i t h  t h e  a d d i t i o n  
o f  these reaches. 
MATHEMATICAL EXPRESSIONS 
DO concent ra t ions  i n  t h e  sec t i ons  o f  t h e  waterway system a r e  c a l c u l a t e d  
on t h e  bas is  o f  t h e  St reeter -Phel  ps equat ion:  
where: 
DCt = d i sso l ved  oxygen d e f i c i t  a t  t ime, t, [mg/ l ]  
0 
= concen t ra t i on  o f  o rgan i c  ma t te r  a t  t = 0, [mg/l] 
K, = c o e f f i c i e n t  of deoxygenati on, [daysy1] 
K2 = c o e f f i c i e n t  o f  r eae ra t i on ,  [days-'], and 
t = t i m e  o f  t r a v e l ,  [days] 
I n  t h i s  equat ion,  no s p e c i f i c  term i s  i nco rpo ra ted  t o  account f o r  t h e  
s ludge oxygen demand present  i n  c e r t a i n  sec t ions  o f  t h e  r i v e r  and canal 
system. Instead,  t h e  SOD i s  incorpora ted  i n t o  t h e  deoxygenation r a t e  
cons tan t  based on t h e  procedure used by B u t t s  (1974) f o r  de te rmin ing  
t h e  values o f  K1. I n  equa t ion  ( I ) ,  K2 i s  c a l c u l a t e d  us ing  (O'Connor 
and Dobbins 1956) : 
where: 
H = average depth i n  reach, [ft] 
2 
Dm = mo lecu la r  d i f f u s i v i  t y  o f  oxygen i n  wate r  @ 20°c, [ f t /day], and 
V = stream v e l o c i t y ,  [ f t /day ]  
The d i s s o l v e d  oxygen concent ra t ion  i s  determined by s u b t r a c t i n g  t h e  
d e f i c i t  f rom t h e  s a t u r a t i o n  concent ra t ion ,  determined by (Committee on 
San i t a r y  Engineer ing Research 1960) : 
where 
T  = water  temperature,  [OC.]  
The deoxygerlati  or1 and r e a e r a t i  on c o e f f i c i e n t s  a1 so depend on temperature 
and a re  co r rec ted  u s i  ng t h e  f o l l o w i n g  formula:  
e = 1.0241 f o r  K2, 
e = 1.047 f o r  Kl, and 
T  = wate r  temperature, [OC.]  
Degradat ion o f  biochemical  oxygen demand (BOD) was c a l c u l a t e d  us ing  a 
f i r s t  o r d e r  decay: 
-kl t 
Lt = Lo e  
T rave l  t imes t o  t h e  end o f  a  reach were determined us ing  t h e  f l o w  r a t e ,  
c ross -sec t i ona l  area, and l e n g t h  o f  t h e  reach. The c r i t i c a l  t ime  ( t i m e  t o  
the  maximum DO d e f i c i t )  was determined by: 
The BOD e x e r t i o n  by ben th i c  depos i ts ,  o r  s ludge oxygen demand (SOD) 
was s t u d i e d  e x t e n s i v e l y  by Bu t t s  (1974). SOD valbes a re  repo r ted  f o r  
c e r t a i n  areas o f  t h e  waterway; s p e c i f i c a l l y  i n  t he  Nor th  Shore Channel 
above t h e  Nor th  S ide Treatment P l a n t  and i n  t h e  Nor th  Branch o f  t he  
Chicago R i v e r  j u s t  below the  Nor th  Shore Channel i n f l o w .  The b e n t h i c  
depos i t s  tend t o  occur where low s t reamf lows a1 low sed imenta t ion .  These 
l o c a t i o n s  agree w i t h  V e l z ' s  (1970) observa t ions  t h a t  v e l o c i t i e s  above 
0.6 f t l s e c  scour  depos i t s .  
It i s  assumed t h a t  t h e  e f f e c t  o f  n i t rogenous  deoxygenat ion i s  
i n s i g n i f i c a n t  and i s  neglected.  The assumption i s  based upon t he  f a c t  
t h a t  n i t rogeneous deoxygenation e f f e c t s  a r e  n o t i c e a b l e  approx imate ly  
t e n  -days - a f t e r  i n t r o d u c i n g  o rgan i c  1  oads t o  t h e  r i v e r  system. General l y ,  
t h e  l onges t  t r a v e l  t ime  f o r  t h i s  model i s  l e s s  than t e n  days. 
I n  each sec t i on ,  t he  DO concen t ra t i on  a t  two p o i n t s  i s  o f  pr ime concern: 
t h e  p o i n t  where t h e  c r i t i c a l  d e f i c i t  occurs and a t  t h e  end o f  t h e  sec t i on .  
The c r i t i c a l  d e f i c i t  i s  impo r tan t  t o  determine whether t h e  DO s tandard  i s  
v i o l a t e d  o r  no t .  The concen t ra t i on  a t  t he  end o f  t h e  s e c t i o n  i s  used t o  
c a l c u l a t e  t h e  i n i t i a l  c o n d i t i o n s  a t  t h e  beg inn ing  o f  t h e  n e x t  s e c t i o n .  
The DO p r o f i l e  f o r  t h e  e n t i r e  s e c t i o n  i s  made up o f  i n d i v i d u a l  p r o f i l e s  
f o r  t h e  reaches compr is ing  t h e  sec t i on .  For  each reach, i n i t i a l  c o n d i t i o n s  
a re  c a l c u l a t e d  by mass balance and assumed t o  be corr lp letely mixed. Flow 
r a t e  and temperature a r e  assumed cons tan t  th roughou t  t he  reach. BOD degrades 
accord ing  t o  equa t ion  (5 )  and t h e  DO concen t ra t i ons  a r e  determi  r ~ e d  u s i n g  
equa t ions  (1 )  through (4) .  
For  each month ly  p e r i o d  t h e  o n l y  nonconstant i n p u t s  a f f e c t i n g  t h e  DO 
c o n c e n t r a t i o n  a r e  Q1, Q2 and Q3, t h e  d i v e r s i o n  r a t e s  a t  t h e  head o f  sec t i ons  
1, 2 and 3. Therefore,  f o r  each sec t i on ,  t h e  r e s u l t i n g  DO c o n c e n t r a t i o r ~  
w i l l  depend on t h e  f l o w r a t e  i n t o  t h e  head o f  t h e  s e c t i o n .  Th i s  f l o w r a t e  
w i l l  depend on d i f f e r e n t  f a c t o r s ,  depending upon t h e  s e c t i o n ,  b u t  w i l l  be 
a  f u n c t i o n  o f  one o r  more d i v e r s i o n s  p l u s  a  cons tan t  (average month ly )  
t r i b u t a r y  i n f l o w ,  For example, t h e  f low a t  t h e  beginn ing o f  s e c t i o n  two 
w i l l  depend on Ql , Q2 and cons tan t  t r i b u t a r y  f l ows  i n t o  s e c t i o n  one. 
Vary ing t h e  d i v e r s i o n  f low r a t e s  w i l l  a f f e c t  t h e  DO p r o f i l e  by e i t h e r  
r a i s i n g  t h e  DO concen t ra t ions  f o r  a  h i g h  f l o w  r a t e  (more d i l u t i o n  wa te r )  
o r  v i c e  versa, The r e s u l t s  o f  t h e  c a l c u l a t i o n  can be shown i n  g raph i ca l  
form and a r e  i l l u s t r a t e d  i n  F igu re  4a. I n  t h i s  case t h e  e f f e c t s  o f  f i v e  
p o s s i b l e  d i v e r s i o n s  a re  shown, each w i t h  t h e  same i n i t i a l  cond i t i ons  (DO, 
temperature and BOD). Each poss ib l e  d i v e r s i o n  r e s u l t s  i n  a  d i f f e r e n t  DO 
curve and t h e r e f o r e  d i f f e r e n t  c r i t i c a l  and end values o f  DO. 
Given t h i s  c o n f i g u r a t i o n ,  t h e r e  a r e  t h r e e  poss ib l e  outcomes o f  a  
d i v e r s i o n .  F i r s t ,  t h e  DO concen t ra t i on  o f  t he  end o f  t h e  s e c t i o n  and a1 1  
p o i n t s  i n  between a r e  g rea te r  than t he  minimum DO standard. Second, t he  
DO concen t ra t i on  a t  t he  end o f  t h e  s e c t i o n  i s  i n  v i o l a t i o n  o f  t h e  DO 
standard and t h i r d ,  t h e  end DO concen t ra t i on  i s  n o t  i n  v i o l a t i o n  o f  t h e  
standard, b u t  t h e  c r i t i c a l  d e f i c i t  occurs be fo re  t h e  end o f  t he  s e c t i o n  
and does v i o l a t e  t h e  standard. The f i r s t  case i s  shown by t h e  upper t h r e e  
curves i n  F igure  4a. The second and t h i r d  cases a r e  shown by t h e  curves 
l abe led  "20 c f s "  and "40 c f s "  r e s p e c t i v e l y .  
FORMULATION OF NETWORK STRUCTURE 
The network developed i n  t h i s  sec t i oncoms is t s  o f  nodes rep resen t i ng  
t h e  DO concen t ra t i on  a t  t h e  end o f  each stream sec t i on ,  and a rcs  rep resen t i ng  
t he  app rop r i a te  d i ve rs i o r l  va lue r e s u l t i  rlg i n  t h a t  concen t ra t i on .  To exempl i f y  
t h e  procedure used i n  t he  development, a  p o r t i o n  o f  t h e  network i s  shown 
i n  F igure  4b. Th i s  s e c t i o n  o f  t h e  network corresponds t o  t h e  DO curves 
i n  F igu re  4a. Fiode 18 i n  F igure  4b represen ts  a  d i s c r e t e  DO concen t ra t i on  

a t  t he  beg inn ing  o f  a  s e c t i o n  o f  t h e  waterway system. Nodes 24, 25, 26, 
and 27 represen t  d i s c r e t e  00 concent ra t ions  a t  t h e  end o f  t he  s e c t i o n  r e s u l -  
t i n g  from s p e c i f i c  d i v e r s i o n  values a t  t he  - beg inn ing  o f  t he  sec t i on .  
The ac tua l  va lue of t h e  d i v e r s i o n  i s  recorded as t h e  va lue o f  t h e  a r c  between 
node 18 and t h e  app rop r i a te  r e s u l t i n g  node. Therefore,  t he  va lue of  a r c  
18-26 equals t h e  d i v e r s i o n  (80 c f s )  a t  t he  beg inn ing  o f  t he  s e c t i o n  r e s u l t i n g  
i n  a  DO concen t ra t i on  (6  m g / l j  a t  t h e  end o f  t h e  sec t i on ,  g iven  an i n i t i a l  
DO concen t ra t i on  ( 8  mg/ l ) .  
The d i v e r s i o n  va lue i s  most o f t e n  n o t  t he  o n l y  f l o w  i n  t he  r i v e r  sec t ion .  
I n  most cases f l o w  w i  11 e n t e r  f rom an upstream sec t i on ,  t r i b u t a r y ,  o r  t r e a t -  
ment p l a n t  and f o r  a l l  cases t h e  t o t a l  f l o w  i s  used i n  t he  c a l c u l a t i o n s .  
However, a l l  f l ows  except  t he  d i v e r s i o n  a r e  cons tan t  f o r  t he  i n i t i a l  node, 
and t h e r e f o r e  on l y  t h e  d i v e r s i o n  va lue i s  shown i n  t he  network. 
The a rcs  and nodes i n  t he  network i n  F igu re  4b r e f l e c t  t he  t h r e e  
poss ib l e  outcornes o u t l i n e d  a t  t he  end o f  t h e  prev ious s e c t i o n  (and shown 
i n  F igure  4a). I n  t he  f i r s t  case t h e  a r c  i s  i nc l hded  as descr ibed.  I n  
t he  second case no node e x i s t s  r ep resen t i ng  a  DO concen t ra t i on  below 
t h e  standard, t h e r e f o r e  no a r c  can be created.  For t h e  t h i r d  case, an 
a r c  does e x i s t  between t h e  two app rop r i a te  nodes, b u t  i t  i s  g iven  a  value 
o f  i n f i n i t y ,  r ep resen t i ng  an i n f e a s i b l e  poss i  b i  1  i ty  because t he  DO 
s tandard has been v i  01 ated. 
Th i s  process can be repeated f o r  d i f f e r e n t  d i s c r e t e  values o f  i n i t i a l  
DO ( d i f f e r e n t  i n i t i a l  nodes) t o  determine 00 cancent ra t ions  r e s u l t i n g  
f rom d i f f e r e n t  d i ve rs i ons .  Consequently, f o r  each sec t i on ,  a  range o f  
poss ib l e  DO concen t ra t ions  (nodes i n  t h e  network)  can e x i s t  a t  bo th  t he  
beg inn ing  and end o f  t he  sec t ion .  The beg inn ing  concent ra t ions  depend on 
c i rcumstances above t h e  s e c t i o n  i n  q u e s t i o n .  The end c o n c e n t r a t i o n s  
depend on t h e  i n i t i a l  c o n c e n t r a t i o n  (node a t  t h e  b e g i n n i n g  o f  t h e  s e c t i o n )  
and t h e  f l o w  r a t e  th rough  t h e  s e c t i o n .  The f l o w  r a t e  i s  i n  t u r n  t h e  sum of  t h e  
f l o w  f rom upstream s e c t i o n ( s )  and t h e  d i v e r s i o n  i n t o  t h e  s e c t i o n  ( t h e  v a l u e  
on t h e  a r c  i n  t h e  ne twork ) .  T h i s  expanded network  i s  i l l u s t r a t e d  i n  a  
s i m p l i f i e d  manner i n  F i g u r e  5, where t h e  f i r s t  column o f  nodes r e p r e s e n t s  
p o s s i b l e  DO c o n c e n t r a t i o n s  a t  t h e  b e g i n n i n g  o f  t h e  s e c t i o n  and t h e  second 
column represen ts  p o s s i b l e  r e s u l t i n g  DO c o n c e n t r a t i o n s  . 
The a r c s  a r e  i n c l u d e d  on t h e  b a s i s  o f  equa t ions  ( 1 )  th rough  ( 4 ) .  
For  example, if t h e  DO c o n c e n t r a t i o n  a t  t h e  b e g i n n i n g  o f  t h e  s e c t i o n  was 
6  mg/l, a  range o f  d i v e r s i o n s  f rom 20 t o  200 c f s  can be used t o  c a l c u l a t e  t h e  DO 
c o n c e n t r a t i o n s  a t  t h e  end o f  t h e  s e c t i o n .  I f  t h e  c o n c e n t r a t i o n  r e s u l t i n g  f ror r~  
a  20 c f s  d i v e r s i o n  i s  4  rng/l , then an a r c  w i t h  a  w e i g h t  o f  20 connects  nodes 16 
and 24. L i kew ise  i f  200 c f s  produced an end c o n c e n t r a t i o n  o f  17 rng/l, an 
a r c  w i t h  we igh t  200 connects nodes 16 and 27. 
D isso lved  oxygen, however, i s  n o t  t h e  o n l y  i n i t i a l  c o n d i t i o n  which 
a f f e c t s  t h e  even tua l  c o n c e n t r a t i o n  i n  t h e  r i v e r  s e c t i o n .  Others  a r e  temperature ,  
BOD and t h e  f l o w r a t e .  For t h i s  a p p l i c a t i o n  temperature  and BOD a r e  assumed 
c o n s t a n t  f o r  each month ly  a p p l i c a t i o n  o f  t h e  model. T h i s  assumpt ion i s  
reasonable  s i n c e  b o t h  v a r y  o n l y  s l i g h t l y  d u r i n g  t h e  month ly  t i m e  frame. 
The f l o w r a t e ,  however, has a  g r e a t e r  e f f e c t .  Because o f  t h e  c o n f i g u r a t i o n  
of t h e  problem a t  hand, t h i s  impact  can be e a s i l y  i n c o r p o r a t e d  i n t o  t h e  
network s t r u c t u r e .  T h i s  w i l l  be desc r ibed  f u r t h e r  as t h e  e n t i r e  network  i s  
developed. 
The o v e r a l l  network i s  c o n s t r u c t e d  on t h e  b a s i s  o f  t h e  p r e v i o u s  d e s c r i p -  
t i o n .  For  each s t ream s e c t i o n  t h e r e  may be a  number o f  p o s s i b l e ,  i n i t i a l  DO 
va lues.  Therefore,  t h e  network i n  F i g u r e  5 w i l l  be " repeated"  f o r  each 
Figure 5. The Nekwork Structure for One Section 
s e c t i o n  . 
F igu re  6 i l l u s t r a t e s  t h e  e n t i r e  network. I n  t h e  network t h e r e  a re  t h r e e  
segments, cor responding t o  r i v e r  sec t i ons  1, 2  and 4. The segments a re  
de l i nea ted  by columns o f  nodes, w i t h  o n l y  one node i n  t h e  f i r s t  and l a s t  
"columns." Each column represen ts  a  range o f  p o s s i b l e  d i s c r e t e  DO concen- 
t r a t i o n s  w i t h  va lues chosen t o  emphasize t h e  lower  concen t ra t ions .  Conse- 
quen t l y ,  t h e  DO concen t ra t ions  were incremented every  0.1 mg/l between DO con- 
c e n t r a t i o n s  o f  4.0 and 4.9, every  0.2 mg/l between DO concen t ra t i ons  of 5.0 and 
7.0, and every  0.5 mg/l between DO concen t ra t i ons  o f  7.0 and 11.0. Each node, 
t h e r e f o r e ,  rep resen ts  a  smal l  range o f  DO concen t ra t i ons .  For  example, any 
a c t u a l  DO concen t ra t i on  between 5.1 and 5.3 i s  represented i n  t h e  network by 
a  s i n g l e  node hav ing a  DO concen t ra t i on  o f  5.2 mg/ l .  
As can be seen f rom t h e  i l l u s t r a t i o n ,  t h e  node a t  t h e  end o f  one segment 
becomes t h e  i n i t i a l  node f o r  t h e  nex t  segment. The DO concen t ra t i on  a t  t h e  
end of one s e c t i o n  cannot,  however, be used as t h e  i n i t i a l  DO concen t ra t i on  
f o r  t h e  nex t  s e c t i o n  w i t h o u t  making adjustments dependent upon t h e  c h a r a c t e r i s -  
t i c s  o f  t h e  d i v e r s i o n  a t  t h e  beginn ing o f  t h e  downstream s e c t i o n .  One o f  these 
c h a r a c t e r i s t i c s  i s  t h e  va lue  o f  t h e  d i v e r s i o n  i t s e l f .  Knowing t h e  d i v e r s i o n ,  
a  weighted average (mass ba lance)  can be determined f o r  t he  DO concen t ra t i on  
i n  o r d e r  t o  determine t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  second s e c t i o n .  Fo l l ow ing  
t h i s  de te rm ina t i on  t h e  end DO can be c a l c u l a t e d  as be fo re .  
A t  t h e  beg inn ing  o f  s e c t i o n  1, an average DO i s  assumed f o r  each month 
r ep resen t i ng  t h e  DO concen t ra t i on  a t  t h e  W i  l m e t t e  Pumping S t a t i o n .  Conse- 
quen t l y ,  t h e  f i r s t  column o f  nodes con ta ins  o n l y  one node as shown i n  F i gu re  6. 
A t  t h e  end o f  t h e  f i r s t  sec t i on ,  each DO concen t ra t i on  ob ta ined  i s  assoc ia ted  
w i t h  a  p a r t i c u l a r  d i v e r s i o n  f rom t h e  Wi l t r~e t te  Pumping S t a t i o n  and i s  assigned 

a  node r e p r e s e n t i n g  i t s  f i n a l  DO c o n c e n t r a t i o n .  The group o f  nodes a t  t h i s  
p o i n t  make up t h e  second column i n  t h e  network.  Each node r e p r e s e n t s  a  DO 
c o n c e n t r a t i o n  and t o t a l  f l o w  t o  t h a t  p o i n t  i n  t h e  waterway system. 
The va lue  o f  t h e  a r c  f rom node 1  t o  any p a r t i c u l a r  node i n  t h e  second 
node column i s  equal  t o  t h e  d i v e r s i o n  r e q u i r e d  f r o m  t h e  W i l r r ~ e t t e  Pumping 
S t a t i o n  t o  o b t a i n  a  s p e c i f i c  DO c o n c e n t r a t i o n  a t  t h e  end o f  t h e  f i r s t  s e c t i o n  
rep resen ted  by t h i s  p a r t i c u l a r  node. 
The secorld column o f  nodes i s  n o t  comp l i ca ted  because t h e  DO and f l o w  
a r e  c a l c u l a t e d  f rom t h e  i n i t i a l  DO and d i v e r s i o n  a t  Wi lmet te .  However, t h e  
t h i r d  column r e q u i r e s  a  more complex s t r u c t u r e  because t h e  DO a t  t h e  end of  t h e  
second s e c t i o n  can r e s u l t  f r o m  d i f f e r e n t  combinat ions o f  W i  l r r ~ e t t e  d i v e r s i o n s  
(Q1) and Chicago R i v e r  d i v e r s i o n s  (a2 ) ,  and consequent ly  a  d i f f e r e n t  t o t a l  f l o w .  
S ince  t h e  t o t a l  f l o w  a t  t h i s  p o i n t  has an impact  on t h e  downstream ( S e c t i o n  4 )  
DO c o n c e n t r a t i o n ,  i t s  v a l u e  must be con ta ined  i n  t h e  nodes. Th is  i s  done by 
d i v i d i n g  t h e  t h i r d  node column i n t o  t h r e e  subgroups, r e p r e s e n t i n g  a  range o f  
p o s s i b l e  f l o w s .  The ranges a r e  determined by a n t i c i p a t i n g  t h e  minimum and . 
maximum f l o w r a t e s  a t  t h i s  p o i n t  and d i v i d i n g  t h e  column i n t o  t h r e e  ranges. 
Each node r e p r e s e n t s  a  ve ry  sma l l  range o f  DO c o n c e n t r a t i o n s ,  and a  range of  
f l owra tes ,  depending upon t h e  subgroup i t  i s  i n .  
The l a s t  column i n  t h e  network c o n t a i n s  one node r e p r e s e n t i n g  t h e  DO 
c o n c e n t r a t i o n  a t  t h e  Lockpor t  C o n t r o l l i n g  Works. Severa l  nodes c o u l d  be 
shown r e p r e s e n t i n g  a  range o f  DO values;  however, t h e  node r e p r e s e n t i n g  t h e  
minimum DO c o n c e n t r a t i o n  i s  used. A h i g h e r  c o n c e n t r a t i o n  would r e s u l t  f rom 
a  l a r g e r  d i v e r s i o n .  The l a r g e r  d i v e r s i o n ,  however, would  n o t  be chosen i n  a  
m i n i m i z a t i o n  procedure.  T h i s  f a c t  a l l o w s  us t o  use o n l y  one a r c ,  f r o m  each 
node of t h e  beg inn ing  o f  t h e  sec t i on ,  r ep resen t i ng  t h e  d i v e r s i o n  necessary 
t o  j u s t  m a i n t a i n  t h e  DO standard.  
The d i v e r s i o n  va lue  p laced on t h e  a r cs  l e a d i n g  t o  t h e  l a s t  node i s  t h a t  
f rom t h e  OIBr ien  Locks. Q3. The use o f  Q3 i n  t h i s  way a l l ows  us t o  i gno re  
s e c t i o n  t h r e e  i n  t h e  c o n s t r u c t i o n  o f  t h e  network, which i s  p o s s i b l e  because 
any d i v e r s i o n  a t  t h e  O 'Br ien  Locks must s a t i s f y  t h e  DO s tandard  i n  s e c t i o n  
t h r e e  before i t  i s  cons idered i n  t h e  computat ions f o r  s e c t i o n  f o u r .  I n  o t h e r  
words, va lues o f  Q j  must s a t i s f y  t h e  DO standards i n  s e c t i o n  t h r e e  and c o n t r i  b- 
u t e  t o  t h e  t o t a l  f l o w  i n  s e c t i o n  f o u r  t o  m a i n t a i n  t h e  s tandard t h e r e .  I f  
e i t h e r  s tandard  i s  v i o l a t ed ,  t h e  f l o w  i s  n o t  used. The minimum Q3 capable  of 
m a i n t a i n i n g  standards i n  bo th  sec t i ons  i s  used as t h e  va lue  on each a r c  i n  
segment f o u r  o f  t h e  network.  
8 
USE OF THE NETWORK 
Because o f  t h e  c o n f i g u r a t i o n  o f  t h e  network, any sequence o f  a r c s  (a pa th )  
from t h e  f i r s t  node ( 1 )  t o  t h e  l a s t  node (160) w i l l  i n c l u d e  3  a r cs ,  one repre -  
s e n t i n g  each of t h e  t h r e e  d i r e c t  l a k e  d i v e r s i o n s .  I f  t h e  s h o r t e s t  pa th  i s  
determined,then t h e  sum Q, + Q2 + Q3 w i l l  be minimized. Once t h e  network 
i s  completed,a s h o r t e s t  path a l g o r i  thm (P ie r ce  1975) i s  a p p l i e d  t o  determine 
t h e  s h o r t e s t  p a t h  between t h e  nodes 1  and 160. The average month ly  d i r e c t  
d i v e r s i o n  i s  ob ta ined  by summing t h e  t h r e e  d i v e r s i o n s .  
The procedure i s  ve r y  s i m i l a r  t o  s o l v i n g  t h e  problem us ing  d i s c r e t e  
dynamic programming, where t h e  s t a t e  v a r i a b l e s  a r e  t h e  DO concen t ra t i ons  and 
f lowra tes ,  and t h e  stages a re  t h e  t h r e e  s e c t i o n s  o f  t h e  network. Liebman 
and Lynn (1966) and Meier  and B e i g h t l e r  (1 967) used dynamic programming t o  
s o l  ve s i m i l a r  wa te r  qua1 i ty problems. The branched dynamic programming approach 
used by Meier  and B e i g h t l e r  i s  s i m i l a r  t o  t h e  i n c o r p o r a t i o n  o f  s e c t i o n  
t h r e e  i n t o  t h e  network.  Th i s  a p p l i c a t i o n  i s  s i m p l i f i e d ,  however, s i n c e  s e c t i o n  
t h ree  c o n s i s t s  o f  o n l y  one stage. 
The number o f  f e a s i b l e  a rcs  generated between each node c o l  umn depends 
on t h e  number o f  d i v e r s i o n s  t e s t e d  a t  each d i v e r s i o n  p o i n t  and t h e  nurr~ber 
r e s u l t i n g  i n  f e a s i b l e  DO concen t ra t ions .  I n  o rde r  t o  min imize t h e  number 
c f d i v e r s i o n s  t e s t e d ,  an i t e r a t i v e  procedure was developed. Liebman and 
Lynn (1966) desc r i be  a  s i m i l a r  procedure when us i ng  a  d i s c r e t e  dynarnic 
programming s o l  u t i  on. However, they  reduced t h e  number o f  nodes necessary 
t o  s o l v e  t h e  problerr~, Th is  a p p l i c a t i o n  r e q u i r e s  a  r e d u c t i o n  i n  t h e  number 
of a rcs  generated f o r  use i n  t h e  network.  The r e d u c t i o n  i n  t h e  number o f  
arcs ,  however, must n o t  i n t e r f e r e  w i t h  t h e  s o l u t i o n  procedure o r  e l i m i n a t e  
t h e  op t ima l  s o l u t i o n .  A procedure was used where a  wide range o f  d i v e r s i o n s  
were t e s t e d  and ref inements made d u r i n g  success ive i t e r a t i o n s .  For  t h e  f i r s t  
i t e r a t i o n  a  number o f  d i f f e r e n t  va lues f o r  each o f  Q1, Q2, and Q3 were tes ted ,  
rang ing  f r om ve ry  low t o  ve ry  h i gh  d i v e r s i o n  f lows .  The r e s u l t i n g  "minimum" 
values of  Q1 , Q2, and Q3 were used as a  bas is  f o r  t h e  second i t e r a t i o n .  T h e i r  
use i s  based on t he  reasoning p rov ided  i n  t h e  f o l l o w i n g  example, i l l u s t r a t e d  - 
i n  F i g u r e  7. If four  d i v e r s i o n  va lues were t e s t e d ,  t h e  r e s u l t i n g  DO concent ra-  
t i o n s  a t  t h e  end o f  t he  s e c t i o n  m igh t  be 8.0 mg/l , 6.2 mg/l , 5.1 mg/l , and 
3.9 mg/l.  The f l o w  r a t e  y i e l d i n g  t h e  3.9 concen t ra t i on  (100 c f s )  i s  n o t  f e a s i b l e  
and t h e r e f o r e  n o t  i nc l uded  i n  t he  s o l u t i o n .  The l owes t  f e a s i b l e  d i v e r s i o n  
r a t e  i s  200 c f s .  I t  i s  q u i t e  p o s s i b l e ,  however, t h a t  a  101 c f s  d i v e r s i o n  f l o w -  
r a t e  would y i e l d  a  f e a s i b l e  DO concen t ra t i on  o f  4.0 mg/ l .  I n  o r d e r  t o  narrow 
t h e  range o f  t h e  d i v e r s i o n  r a t e s ,  t h e  second i t e r a t i o n  would t e s t  va lues 
between 100 c f s  and 200 c f s .  A t h i r d  i t e r a t i o n  cou ld  f u r t h e r  r e f i n e  t h e  search. 
Exper ience w i  t h  t h e  procedure showed t h a t  t h r e e  i t e r a t i o n s  were s u f f i c i e n t  t o  
narrow t h e  marg in  of e r r o r  t o  w i t h i n  5 c f s  a f t e r  a  reasonable  i n t i  t i a l  cho ice.  
Figure 7. Use of the Tested Diversion Rates 
to Narrow the Search for Feasible Flow Rates 
One c a u t i o n  must be exerc ised,  however, when t h i s  approach i s  ac tua l  l y  
u t i  1  i zed. It i s  poss ib l e  t h a t  when conduct ing t h e  second i t e r a t i o n  the  
a r c  values i n  t h e  f i r s t  s e c t i o r ~  o f  t h e  network w i l l  adverse ly  a f f e c t  those 
i n  t he  second sec t ion .  F igure  8 shows a  case where t he  f i r s t  i t e r a t i o n  chose 
a  s h o r t e s t  path o f  Ql = 200 and Q2 = 200 (F igu re  8a ) .  Dur ing t h e  re f inement  
f o r  t h e  second i t e r a t i o n  t he  Q1 and Q2 values t o  be t e s t e d  would range from 
100 t o  200. F igure  8b shows t h e  p o s s i b l e  outcome, A f l o w  o f  Ql = 105 c f s  
might  be t h e  minimum f e a s i b l e  f l o w  f o r  s e c t i o n  one. However, f rom t h e  node 
rep resen t i ng  4.0 mg/l a t  t h e  end o f  s e c t i o n  one, no Q2 f l o w  between 100 and 
200 c f s  w i l l  generate a  f e a s i b l e  DO concen t ra t i on  a t  t h e  end o f  s e c t i o n  2. I t  
i s  a l s o  poss ib l e  t h a t  t he  on l y  f e a s i b l e  combinat ion was t he  sequence determined 
by t h e  f i r s t  i t e r a t i o n  (Q1 = 200 c f s ,  Q2 = 200 c f s ) .  However, i t  i s  poss ib l e  
t h a t  a  Q2 of  290 c f s  i n  con junc t i on  w i t h  a  Q, o f  105 c f s  would produce f e a s i b l e  
r e s u l t s .  Th is  combinat ion (Q1 + Q2 = 105 + 290 = 395) i s  l e s s  than  t he  o n l y  
one t h a t  would have been generated (Q1 + Q2 = 200 + 200 = 400). 
To a l l e v i a t e  t h i s  problem t h e  range o f  f l ows  t e s t e d  i n  t he  second 
i t e r a t i o n  must n o t  be narrowed as d r a s t i c a l l y  f o r  Q2 and Q3 f l o w  va lues.  Th is  
approach i s  h e u r i s t i c  i n  na tu re  and i n  t h e  cases t e s t e d  i t  was found t h a t ,  
i f  t h e  f i r s t  i t e r a t i o n  y i e l d e d  f e a s i b l e  f lows  f o r  200 and 300 c f s  b u t  n o t  f o r  
100 c f s ,  then t h e  range f o r  t he  second i t e r a t i o n  should be from 100 t o  300 c f s .  
The procedure has thus f a r  been descr ibed us ing  average month ly  i n p u t  
data.  I n  o r d e r  t o  determine t h e  v a r i a t i o n s  from month t o  month,the a l g o r i t h m  
must be so lved  f o r  each month, which requ i res  t h r e e  i t e r a t i o n s  f o r  each 
month f o r ' a  t o t a l  o f  36 a p p l i c a t i o n s  o f  t h e  a l g o r i t h m .  

RESULTS AND DISCUSSION 
The o p t i m i z a t i o n  procedure was coded i n  F o r t r a n  I V  and r u n  on a  
CDC Cyber 74-18, Average CPU t ime  f o r  one i t e r a t i o n  o f  a l l  12 months was 
approx imate ly  6  seconds. Computer s i z e  l i m i t a t i o n s  r e s t r i c t e d  t he  s i z e  o f  
t h e  network t o  160 nodes. 
Two cases were analyzed u s i n g  t h e  program: ( 1 )  c o n d i t i o n s  c u r r e n t l y  
e x i s t i n g  i n  t he  s tudy  area and (2 )  c o n d i t i o n s  a f t e r  t h e  i n s t a l l a t i o n  o f  t he  
t e n  i nstream a e r a t i o n  s t a t i o n s .  
EXISTING CONDITIONS 
The waterway system descr ibed  i n  Chapter I 1  was analyzed t o  determine 
t h e  d i v e r s i o n s  necessary t o  ma in ta i n  t h e  d i s s o l v e d  oxygen s tandards imposed 
d f t e r  December 31, 1977, which s t a t e  t h a t  t h e  Nor th  Shore Channel must 
ma in ta i n  5 mg/l a t  l e a s t  16 hours of t h e  day and a t  l e a s t  4  mg/l a t  a l l  t imes, 
and t h e  remainder o f  t he  system under cons ide ra t i on  must ma in ta i n  4  mg/l . 
To s i m p l i f y  t h e  problem the  more s t r i n g e n t ,  5 mg/l s tandard  was used f o r  t h e  
s teady s t a t e  a n a l y s i s  o f  t h e  Nor th  Shore Channel. 
The i n p u t  da ta  used f o r  t h e  e v a l u a t i o n  ( phys i ca l  c h a r a c t e r i s t i c s  and 
i n f l u e n t  DO, BOD, temperature,  and f l o w  r a t e )  a r e  shown i n  Appendices A  
through E. Average month ly  f l owra tes  were used f o r  bo th  t he  wastewater 
t rea tment  p l a n t s  and t r i b u t a r y  streams. The cho ice  o f  deoxygenat ion c o e f f i -  
c i e n t  va lues was d i f f i c u l t  because o f  t h e  u n c e r t a i n t y  o f  r e p r e s e n t a t i v e  r a t e s .  
Values were chosen based on da ta  p rov ided  by Bu t t s ,  Evans, and S t a l l  (1974) 
and c a l i b r a t i o n  o f  t h e  DO sag curve. Because o f  t h e  d i f f e r e n c e  i n  reaches 
des ignated f o r  t h i s  s tudy  and those determined by B u t t s ,  Evans, and S t a l l ,  
t h e  K, va lues may n o t  agree e x a c t l y  i n  l o c a t i o n .  The va lues  f o r  each reach 
a r e  shown i n  Table  6. I n  a d d i t i o n  t o  these va lues,  e x i s t i n g  c o n d i t i o n s  were 
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analyzed w i t h  K1 va lues approx imate ly  25 pe rcen t  h i g h e r  than  those i n  
Tab le  6. 
Table  7  shows t h e  r e s u l t s  of t h e  a n l a y s i s  us i ng  t h e  K1 va lues shown i n  
Table 6. The average y e a r l y  d i v e r s i o n  f o r  t h e  e n t i r e  waterway network i s  
777 c f s .  The d i v e r s i o n s  u s i n g  K1 va lues 25 pe rcen t  h i g h e r  than those i n  
Table  6, a re  shown i n  Table  8. The average y e a r l y  d i v e r s i o n  i s  cons ide rab l y  
h i ghe r ,  a t  1022 c f s .  I n  both cases t he  Calulr~et Sag Channel r e q u i r e s  app rox i -  
mate ly  72 pe rcen t  o f  t h e  d i l u t i o n  wa te r ,  w h i l e  t h e  Chicago R i ve r  needs very  
l i t t l e .  The l a r g e  p r o p o r t i o n  a l l o t t e d  t o  t h e  Cal-Sag Channel i s  due t o  t he  h i g h  
K1 values and poor qua1 i t y  o f  i n f l u e n t  t r i b u t a r i e s .  The smal l  p o r t i o n  a l l o t t e d  
a t  t h e  Chicago R i ve r  C o n t r o l l i n g  Works i s  i n  some p a r t  due t o  t he  s o l u t i o n  
technique. Formu la t ion  o f  t he  problem ignores  t h e  s h o r t  s e c t i o n  o f  t he  
Chicago R i v e r  between t h e  l a k e  and t he  j u n c t i o n  o f  t he  Nor th  and South Branches. 
Under these c i rcumstances,  d i l u t i o n  wa te r  f o r  s e c t i o n  two can come f rom e i t h e r  
the  W i  l m e t t e  pumping s t a t i o n  (Q1 ) o r  t he  mouth o f  t h e  Chicago R i v e r  (Q2 ) .  
S ince a  c e r t a i n  amount o f  wa te r  must be d i v e r t e d  a t  Wi lmet te  t o  meet t h e  
s tandards i n  s e c t i o n  one, t h i s  wa te r  w i l l  a l s o  a c t  as d i l u t i o n  wa te r  when 
i t  reaches s e c t i o n  two. Obviously,water d i v e r t e d  f rom the  l a k e  a t  t h e  
Chicago R i ve r  C o n t r o l l i n g  Works w i l l  be o f  h i g h e r  q u a l i t y  than t h a t  a l r eady  
r e c e i v i n g  waste f rom s e c t i o n  one. However, a  lower  t o t a l  d i v e r s i o n  (Q1 + Q ) 2  
i s  p o s s i b l e  w i t h  a  g r e a t e r  d i v e r s i o n  a t  Wi lmet te  than  i s  necessary i n  s e c t i o n  
one. The "excess" wa te r  i n  c o n j u n c t i o n  w i t h  some n a t u r a l  r e a e r a t i o n  and t he  
r e l a t i v e l y  low K, values i n  reach 4 make t h i s  s i t u a t i o n  p o s s i b l e .  
I n  t he  analyses shown i n  Tables 7  and 8 no d i v e r s i o n s  were a l lowed 
below t h e  average e x i s t i n g  lockage and leakage values f o r  t he  t h r e e  d i v e r s i o n  
p o i n t s .  The values used correspond t o  those presented by K e i f e r  and 
Assoc ia tes (1976) and shown i n  Table  1.  Values f o r  t he  w i n t e r  months were 
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used f o r  December, January, and February, s p r i n g  values were used f o r  March, 
A p r i l  and May, suimner values f o r  June, J u l y ,  August, and Septerrlber and 
autumn values f o r  October and November. I h  o rde r  t o  determine what e f f e c t  
t h e  lockage and leakage f lows  have on t h e  t o t a l  d i v e r s i o n a t h e  program was r u n  
w i t h  no lower  1  i m i t  on t h e  amounts t o  be d i v e r t e d .  The re-sul t s  a r e  shown i n  
Table 9. The a n a l y s i s  was performed w i t h  t h e  K1 values shown i n  Table 6. 
A  comparison w i t h  Table 7  revea l s  t h a t  t h e  y e a r l y  average d i v e r s i o n  cou ld  be 
reduced by approx imate ly  100 cfs i f  a l l  lockage and leakage cou ld  be 
e l  i r n i  nated. 
INSTREAM AERATION 
MSDGC i s  c u r r e n t l y  c o n s t r u c t i n g  t en  instearn a e r a t i o n  s t a t i o n s  t o  he1 p  
improve t h e  wate r  q u a l i t y  o f  t he  Chicago R i ve r  and Canal system. The 
s o l  u t i  on procedure was rnodi fi ed by adding t e n  reaches t o  accommodate i nstrearrl 
ae ra t i on .  The phys ica l  c h a r a c t e r i s t i c s  o f  t h e  mod i f i ed  problerrl a r e  d e t a i  l e d  
i n  Appendix F. Three d i f f e r e n t  analyses were made by va ry i ng  bo th  t h e  values 
of t h e  deoxygerlati  on c o e f f i c i e n t s  and t h e  e f f i c i e n c y  o f  t h e  ae ra to r s .  I n  
a1 1  cases t h e  lockage and leakage f l ows  a r e  inc luded .  Macai t i s ,  Povi  l a i  t i s ,  
and Cameron (1977) r e p o r t e d  t h a t  t he  d i f f u s e d  a i r  ae ra to r s  under c o n s t r u c t i o n  
by PlSDGC should be capable o f  r a i s i n g  t he  DO concen t ra t i on  t o  approx imate ly  
90 percen t  o f  t h e  s a t u r a t i o n  concent ra t ion .  Table 10 shows r e s u l t s  assuming a  
90 percen t  " a e r a t i o n  e f f i c i e n c y "  and us ing  K1 values shown i n  Table 6. Table 
11 shows r e s u l t s  us ing  t h e  sarne K1 va lues  b u t  assuming o n l y  a  70 percen t  " ae ra t i on  
e f f i c i ency . "  As a  "worst  case" ana l ys i s ,  a  t h i r d  r un  was made w i t h  a  70 
percen t  e f f i c i e n c y  and K1 values 25 percen t  g rea te r  than  shown i n  Table 6. 
The r e s u l t s  o f  t h i s  a n a l y s i s  are shown i n  Table 12. 
Month 
January 
February 
March 
Apr i  1 
May 
June 
J u l y  
August 
September 
October 
Table 9. Necessary Divers ions Under E x i s t i n g  Condit ions 
Without Lockage and Leakage FLOWS 
W i  lmet te  
0 
0 
0 
0 
20 
110 
500 
220 
130 
31 0 
Chicago River  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
November 6 5 0 
December 0 0 
0 B r i  en Locks 
85 
85 
115 
275 
71 0 
41 0 
51 0 
1025 
2925 
380 
Tota l  
85 
8 5 
115 
275 
730 
520 
1010 
1245 
3055 
690 
Average 113 0 558 671 
Table 10. Minimum D i v i s i o n s  w i t h  Ins t ream Ae ra t i on  
Assuming 90 Percent  "Ae ra t i on  E f f i c i e n c y "  
(Using K1 Values Shown i n  Table  6) 
Month W i  l rne t te  Chicago R i v e r  0 ' B r i e n  Locks T o t a l  
January 46 64 90 200 
February 4 6 6 4 80 190 
March 46 135 112 293 
A p r i  1 
May 
June 
J u l y  
Augus t 
September 
October 
November 
December 
Average 4 8 
Month 
January 
February 
March 
Apr i  1 
May 
June 
J u l y  
August 
September 
October 
November 
December 
Average 
Table 11, Minimum Divers ions w i t h  Instream Aera t ion  
Assuming 70 Percent "Aerat ion E f f i c i ency "  
(Usinq K1 Values Shown i n  Table 6) 
Chicago R ive r  
64 
64 
OIBrien Locks 
90 
80 
112 
220 
500 
360 
380 
750 
2200 
9 0 
76 
1 00 
To ta l  
200 
190 
L9P 1 086 LS 1 OEE ~sr16n~ 
LSL Ott LS 1 09 1 KlnP 
LLL 
1st 
The average annual d i v e r s i o n s  f o r  the  t h ree  cases range f rom 576 t o  
793 cfs, which i n d i c a t e s  a  r e d u c t i o n  o f  approx imate ly  200 c f s  f o r  ins t ream 
a e r a t i o n  w i t h  a  90 percent  " e f f i c i e n c y "  ( u s i n g  t h e  lower  K1 va lues) .  
POSSIBLE EXTENSIONS 
The s o l u t i o n  procedure descr ibed  i n  t h i s  r e p o r t  i s  based on a  steady 
s t a t e  ana l ys i s  us i ng  monthly averages. Actua l  c o n d i t i o n s  i n  t h e  R i v e r  and 
Carla1 System a r e  f a r  f rom steady s t a t e .  Lockages, s torm water  over f low,  and 
f l o o d  c o n t r o l  opera t ions  p rov ide  f lows  resembl i n g  impulse i n p u t s  t o  t h e  system. 
D iu rna l  v a r i a t i o n s  i n  DO concen t ra t ions  a1 so compl i cate  t h e  model ing process. 
A  d e t a i l e d  non-steady-s tate ana l ys i s  o f  t h e  R i ve r  and Canal system would 
be an enormous under tak ing.  I f  i t  were t o  be done, a  s t r a i g h t f o r w a r d  op t im iza-  
t i o n  procedure, such as t h e  one presented here, cou ld  be used t o  p rov ide  
s t a r t i n g  c o n d i t i o n s  and average monthly f l o w  "goa ls "  f o r  t h e  s i m u l a t i o n .  
One drawback o f  t h e  procedure presented i n  t h i s  r e p o r t  i s  t h a t  i t  prov ides 
o n l y  t h e  o p t i ~ ~ ~ a l  r e s u l t ,  and no o t h e r  f e a s i b l e ,  y e t  c l ose  t o  op t ima l  schemes, 
I n  most cases an a r r a y  o f  "good" s o l u t i o n s  i s  ve ry  va luab le  i n  any d e c i s i o n  
process. To overcorne t h i s  problem a  d i f f e r e n t  s h o r t e s t  pa th  a1 g o r i  thm cou ld  
be used i n  t h e  procedure t h a t  generated a  c e r t a i n  number o f  paths,  s t a r t i n g  
w i t h  t h e  bes t ,  then  t h e  second bes t ,  and so f o r t h .  
The use o f  average monthly f low r a t e s  as i n p u t  t o  t he  rr~odel was based on the  
f a c t  t h a t  t h e  des i r ed  monthly d i v e r s i o n  r a t e s  a r e  a l s o  monthly averages. Ad jus t -  
ment o f  t h e  d i v e r s i o n  r a t e s  d u r i n g  a  month should r e f l e c t  e x i s t i n g  c o n d i t i o n s  
i n  t h e  app rop r i a te  stream sec t i on .  I n  t h e  pas t ,  t h e  adjustment has r e f l e c t e d  
p r i rnar i  l y  n a v i g a t i o n  and f l o o d  c o n t r o l .  I n  a d d i t i o n ,  bo th  wate r  qua1 i t y  and 
t h e  a1 l o t t e d  average monthly d i v e r s i o n  should i n f l u e n c e  t h e  dec i s i on .  The 
water  qual- i  t y  c o u l d  be p r e d i c t e d  f o r  very  s h o r t  t ime hor izons  based on con- 
s i d e r a t i o n s  such as temperature and t r i b u t a r y  f l o w  r a t e  and q u a l i t y .  The 
average d i v e r s i o n  should be used as a  t a r g e t  va lue  much as t he  3200 c f s  
va lue i s  c u r r e n t l y  used as a  y e a r l y  t a r g e t .  
One problem may a r i s e  when v a r y i n g  t h e  d i v e r s i o n  r a t e s  f o r  s h o r t  te rm 
adjustment  o f  t h e  DO concent ra t ions .  It may prove advantageous t o  r a i s e  t he  
d i v e r s i o n  r a t e  t o  a  very h i g h  l e v e l  over  t h e  span of a  day o r  two. Th is  h i gh -  
f lowra te ,  however, may n o t  be p o s s i b l e  because of t h e  phys i ca l  l i m i t a t i o n  
o f  t h e  d i v e r s i o n  s t r u c t u r e .  Wilmette, i n  p a r t i c u l a r ,  i s  most s u b j e c t  t o  t h i s  
p o s s i b i l i t y  because o f  t h e  low, 700 c f s  capac i ty .  Again, t h i s  p o s s i b i l i t y  
needs t o  be exp lo red  w i t h  more d e t a i l e d  s tud ies .  
I n  some cases i t  may be advantageous t o  use t h e  o p t i m i z a t i o n  procedure 
t o  determine average d i ve rs i ons  f o r  per iods  s h o r t e r  than a  month. Th is  
would be b e n e f i c l a l  i f  c o n d i t i o n s  a t  t h e  beg inn ing  o f  a  month were cons iderab ly  
d i f f e r e n t  f rom those a t  t h e  end. The problem o f  supp l y i ng  r e p r e s e n t a t i v e  
da ta  f o r  s h o r t  t ime  per iods,  however, m igh t  l i m i t  t h i s  approach. 
As a  r e s u l t  o f  t h e  Water Resources Development Ac t  o f  1976 I l l i n o i s  may 
d i v e r t  up t o  10,000 c f s  under t h e  app rop r i a te  c i  rcumstance. The r e s u l t s  o f  
t h i s  s tudy  a r e  s t i l l  v a l i d  and p rov ide  t he  minimum d i r e c t  d i v e r s i o n s  necessary 
t o  ma in ta i n  t h e  c u r r e n t  d i sso l ved  oxygen standards. It may be advantageous; 
however, t o  d i v e r t  more than t he  minimum necessary. The b e n e f i t  o f  h i ghe r  
d i v e r s i o n ,  o f  course, would be a  h i ghe r  o v e r a l l  DO concen t ra t i on  i n  
t h e  waterway. Other f a c t o r s  m igh t  a l s o  be considered, i n c l u d i n g  (1  ) r e d u c t i o n  
i n  t h e  use o f  ins t ream aera to rs ,  ( 2 )  increased n a v i g a t i o n  c a p a b i l i t y ,  and 
( 3 )  increased hydropower genera t ion  a t  Lockpor t .  Obviously , an inc reased  
d i v e r s i o n  would be b e n e f i c i a l  f o r  a l l  o f  t h e  cons idera t ions  l i s t e d .  The geo- 
g raph ic  and temporal d i s t r i b u t i o n  o f  t h e  d i ve rs i ons ,  however, shou ld  be de te r -  
mined on t h e  bas i s  o f  some c r i t e r i o n .  The c r i t e r i o n  cou ld  r e f l e c t  any com- 
b i n a t i o n  of  one o r  more o f  t h e  p rev ious  cons idera t ions ,  Examples would be t o  
(1 ) rr~aximize the average DO concentrat ion, ( 2 )  maximize the  minimum DO con- 
c e n t r a t i  on, ( 3 )  rn i  nirni ze energy requ i  red f o r  i nstream aerat ion, o r  ( 4 )  
maximize power ger~era t lon  a t  Lockport. A l l  o f  these fac to rs ,  however, rr~ust, be 
considered i n  the  l i g h t  o f  p o t e n t i a l  downstream f lood ing.  
CONCLUSIONS AND RECONMENDATIONS 
As a  r e s u l t  o f  t h e  a p p l i c a t i o n  o f  t h e  procedure developed as a  
p a r t  o f  t h i s  s tudy,  t h e  f o l l o w i n g  conc lus ions can be drawn: 
1. Under e x i s t i n g  c o n d i t i o n s  a  y e a r l y  average d i r e c t  d i v e r s i o n  of 
frorn 777 t o  1022 c f s  i s  necessary t o  ma in ta i n  t he  d i sso l ved  oxygen 
s tandard o f  t h e  I l l i n o i s  Water P o l l u t i o n  Regulat ions.  Assuming an 
average annual va lue o f  256 c f s  f o r  lockage and leakage, approx imate ly  
521 t o  766 c f s  should be des ignated f o r  d i s c r e t i o n a r y  d i v e r s i o n .  
2. A f t e r  complet ion o f  t h e  ins t ream a e r a t i o n  s t a t i o n s ,  an annual 
average d i r e c t  d i v e r s i o n  o f  from 576 t o  793 c f s  w i l l  be necessary t o  
ma in ta i n  t h e  d i sso l ved  oxygen standard. Th i s  d i v e r s i o n  w i l l  a1 low f rom 
320 t o  537 c f s  f o r  d i s c r e t i o n a r y  purposes. 
3. I n  a l l  cases a  l a r g e  percentage o f  t h e  d i r e c t  d i v e r s i o n  f l o w  
should occur d u r i n g  t he  months o f  May through October. S l i g h t l y  l e s s  
than h a l f  o f  t h e  t o t a l  annual f l o w  should be concentrated i n  August and 
September. 
4. Jud i c i ous  a1 l o c a t i o n  o f  t h e  d i r e c t  d i s c r e t i o n a r y  d i v e r s i o n  f l ows  
arnorlg t h e  Wi lmet te  Purnping S ta t i on ,  t he  Chicago R i v e r  Cont ro l1  i n g  Works, 
and t he  O 'B r i en  Locks i s  an impo r tan t  f a c t o r  i n  m in im iz i ng  t he  necessary 
d i v e r s i o n .  The Calumet Sag Channel w i l l  r e q u i r e  a  l a r g e  percentage o f  
t h e  d i s c r e t i o n a r y  d i v e r s i o n  even a f t e r  i n s t a l l a t i o n  o f  t he  i ns t ream 
ae ra to r s .  D ivers ions  a t  t h e  Chicago R i ve r  C o n t r o l l i n g  Works were l owes t  
o f  t h e  t h r e e  l o c a t i o n s ,  o f t e n  r e q u i r i n g  o n l y  t h a t  a t t r i b u t e d  t o  lockage 
and leakage. 
5  1  
Based on the findings of th is  research, the following recommendations 
are made for  irnplernentation and further study: 
1 .  The allocation of 320 cfs for discretionary diversion by the 
Division of Water Resources of the I l l inois  Department of Transportation 
should be raised s l ight ly.  The lowest value obtained during the study 
was 320 cfs a f te r  installation of instream aeration s tat ions.  Although 
this  value may prove t o  be suff icient ,  some f lex ib i l i ty  i s  desirable. 
2. A procedure for  continuous adjustment of diverted flows should 
be developed. The values reported here are average monthly flows. The 
actual flow a t  any specific time should depend on existing conditions 
within the watershed. The procedure should include the objectives of 
navigation, flood control, and water quality based on the available 
monthly average diversions. The continuous operation should allow for 
conditions within different geographical areas which may dictate  different 
diversion rates.  
3. With the enactment of the Water Resources Development Act, 
allowing an increase in the total  diversion by I l l ino i s ,  procedures should 
be established for the allotment of water when lake levels are above normal. 
With specific reference to  discretionary diversions, relative diversion 
rates should be determined for the waterway sections based on factors 
such as ( 1  ) maximizing the average DO concentration, ( 2 )  maximizing the 
minimum DO concentration, (3) minimizing the energy used for a r t i f i c i a l  
aeration, or ( 4 )  maximizing power production a t  Lockport. 
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Appendix A 
Leng th ,  Average Depth,  and  C r o s s - S e c t i o n a l  A r e a  o f  R i v e r  Reaches Used i n  t h e  
S o l u t i o n  P rocedure*  
Length  
Beg inn ing  and  Average Average o f  
Reach Beg inn ing  and  End ing  River Depth C r o s s  S e c t .  Reach, 
N u m b e r  Ending  P o i n t s  M i l e  * *  f t .  Area ,  f t 2  M i l e s  
1. W i l m e t t e  pump S t a t .  3 4 0 . 7 . -  336 .5  5 .7  485.0 4.2 
Nor th  S i d e  T r e a t .  P. 
2. Nor th  S i d e  T r e a t .  P. ' 336.5 - 333.4 6.9 771.0 3 . 1  
Nor th  B.C.R. J u n c t .  
3. Nor th  B.C.R.  J u n c t .  333.4 - 325.6 11.9 2462.0 7.8 
Chicago R.C. Works 
4. Ch icago  R.C. Works 325.6 - 315.8 16 .2  3717.0 9 . 8  
W-Southwest T.P.  
5. W-Southwest T.P.  315.8 - 303.4 17 .4  4294 . O  12.4 
Calumet  Sag  J u n c t .  
6.  Calumet Sag  J u n c t .  303.4 - 300.5 25.2 4160.0 2.9 
Lemont T. P l a n t  
7. Lemont T. P l a n t  300.5 - 291.1  18.4 4288.0 9.4 
Lockpor t  C. Works 
8 .  O 'Br ien  C. Works 326.5 - 325,6 9 .0  4852.0 0.9 
Grand C a l .  R. J u n c t .  
Appendix A (Con t inued)  
Length  
B e g i n n i n g  a n d  Average  Average o f  
Reach Beg inn ing  a n d  Ending  R i v e r  Depth C r o s s  S e c t .  Reach,  
Number Ending  P o i n t s  M i l e  ** f t  A r e a ,  f t 2  M i l e s  
9 .  Grand C a l .  R.  J u n c t .  325.6 - 321.3 1 0 . 1  4744.0 4 .3  
Calumet T. P l a n t  
10 .  Calumet  T. P l a n t  321.3 - 319.6 1 0 . 5  
L i t t l e  C a l .  R .  J u n c t .  
11. L i t t l e  C a l .  R. J u n c t .  319.6 - 303-4  9 . 8  
Calumet Sag J u n c t .  
With Main Channel  
*Source ;  I l l i n o i s  S t a t e  Water S u r v e y ,  May 1974.  
**Mileage from I l l i n o i s  R i v e r  Mouth a t  G r a f t o n .  
Appendix  B 
A v e r a g e  Mon th ly  D i s s o l v e d  Oxygen C o n c e n t r a t i o n s  o f  Major I n p u t s  t o  
C h i c a g o  R i v e r  a n d  C a n a l  Sys t em,  mg/l* 
DISCHARGE SOURCE JAN. FEB. MAR. APR. MAY J U N .  JUL. AUG. SEPT. OCT. NOV. DEC. 
Direct D i v e r s i o n s :  
W i l m e t t e  Pump S t a t .  1 3 . 3  1 2 . 3  1 1 . 3  1 0 . 9  1 0 . 2  9 . 8  8 . 2  8 . 1  9 . 1  8 . 6  1 0 . 2  1 0 . 9  
C h i c a g o  R.  C o n t .  Works 1 2 . 6  1 1 . 9  1 1 . 2  1 0 . 8  9 .7  9.4 8 . 1  7 .9  8 . 7  8 . 8  1 0 . 5  1 1 . 2  
O ' B r i e n  Con t .  Works 9 . 6 1 1 . 6  9 . 5  9 . 0  6 . 6  5.9 6 .0  5 . 0  4 . 1  7 .4  8 . 3 1 0 . 4  
Sewage T.  P l a n t s  E f f l u e n t :  
N o r t h  S i d e  T .  P l a n t  8 .4  8 . 1  7 . 8  7 .6  7 . 5  7 .2  6 .9  7 . 2  7 . 3  7 .4  7 . 3  7.8 
Wes t -Sou thwes t  T. P l a n t  8 .6  8 .2  8 . 3  8 . 3  7 .8  7 . 9  7 . 6  7 .0  7.6 7 .6  8 . 0  8 . 1  
C a l u m e t  T r e a t m e n t  P l a n t  7 .9  8 .0  7 . 3  7 .8  7.4 7 . 0  6 . 8  6 .7  6 . 4  7 .0  7 .4  7 .9  
T r i b u t a r i e s :  
N o r t h  Branch  C h i c a g o  R.  1 0 . 0  1 1 . 4  1 0 . 7  1 0 . 6  8 .2  2 .9  3 . 7  2.5 4 . 3  3 .5  4 .9  9 . 7  
Grand  Ca lume t  R i v e r  4 . 5  6.0 3 .5  2 .8  0 .8  3 . 3  1 . 0  0 . 7  2 .5  2 .9  3 . 8  4 . 7  
L i t t l e  Ca lume t  R i v e r  9 .2  1 0 . 2  8 . 4  5 . 3  4 .8  4 .7  1 . 3  3 .2  3 .9  1 . 6  4 . 8  9 .7  
*Source :  M e t r o p o l i t a n  S a n i t a r y  D i s t r i c t  o f  Greater C h i c a g o ,  Annua l  ~ a i n t e n a n c e  
a n d  O p e r a t i o n  R e p o r t s ,  1972-1975.  
A p p e n d i x  C  
A v e r a g e  M o n t h l y  V a l u e s  of B i o c h e m i c a l  Oxygen  Demand of Major I n f l u e n t s  t o  
C h i c a g o  R i v e r  a n d  C a n a l  S y s t e m ,  rng/l* 
DISCHARGE SOURCE JAN. FEB. MAR. APR. MAY J U N .  JUL. AUG. SEPT. OCT. NOV. DEC. 
Direct D i v e r s i o n s :  
W i l m e t t e  Pump. S t a t .  2 .7  3 . 0  3 . 0  2 . 5  3 . 0  3 . 0  3 . 0  2 . 0  2 . 5  2 . 7  3 . 7  3 . 5  
C h i c a g o  R.  C o n t .  Works  3 . 0  3 . 0  3 .0  2 . 0  2 . 7  3 . 0  3 . 0  1 . 8  2 . 3  2 . 7  3 . 7  3 .4  
O ' B r i e n  C o n t .  Works  , 5 . 0  4 . 0  5 . 0  5 . 0  4 . 0  3 . 0  3 . 0  3 . 0  4 . 0  3 . 0  2 . 0  4 . 0  
Sewage  T. P l a n t s  E f f l u e n t :  
cn 
N o r t h  S i d e  T. P l a n t  1 3 . 0  1 4 . 0  1 1 . 0  9 . 0  1 0 . 0  9 . 0  8 . 0  9 . 0  9 . 0  1 2 . 0  1 0 . 0  1 1 . 0  CO 
W e s t - S o u t h w e s t  T. P l a n t  1 1 . 0  1 4 . 0  1 5 . 0  1 3 . 0  1 3 . 0  9 . 0  6 . 0  6 . 0  6 . 0  7 . 0  7 . 0  9 . 0  
C a l u m e t  T r e a t m e n t  P l a n t  1 4 . 0  1 4 . 0  1 6 . 0  1 4 . 0  1 4 . 0  1 5 . 0  1 7 . 0  1 6 . 0  1 9 . 0  1 9 . 0  1 7 . 0  1 7 . 0  . 
T r i b u t a r i e s :  
N o r t h  B r a n c h  C h i c a g o  R. 8 .0  7 .0  5 . 0 1 0 . 0 1 3 . 0  7 . 0  7 .0  9 . 0  7 . 0  1 4 . 0  7 . 0  7 .0 .  
G r a n d  C a l u m e t  R i v e r  1 1 . 0  1 7 . 5  1 2 . 5  1 6 . 5  1 9 . 0  9 . 0  1 4 . 5  1 8 . 0  8 . 0  7.5 1 4 . 0  1 8 . 5  
L i t t l e  C a l u m e t  R i v e r  9 . 0  1 1 . 0  8 . 0  1 0 . 0  8 . 0  7 . 0  6 . 0  8 . 0  6 . 0  9 .0  3 . 0  8 . 0  
* S o u r c e :  M e t r o p o l i t a n  S a n i t a r y  D i s t r i c t  of G r e a t e r  C h i c a g o ,  A n n u a l  M a i n t e n a n c e  
a n d  O p e r a t i o n  Repor ts ,  1972-1975 .  
A p p e n d i x  D  
A v e r a g e  X o n t h l y  T e m p e r a t u r e s  of Major I g f l u e n t s  t o  t h e  C h i c a g o  R i v e r  a n d  
T a n a l  S y s t e m ,  C* 
DISCHARGE SOURCE JAN. FEB. MAR. APR. MAY J U N .  JUL. AUG. SEPT. OCT. NOV. DEC. 
Direct D i v e r s i o n s :  
W i l m e t t e  Pump. S t a t .  1 . 0  1 . 0  4 . 4  5 . 6  9 . 2  1 0 . 0  1 7 . 8  1 8 . 9  1 8 . 3  1 5 . 6  8 .2  5 . 6  
C h i c a g o  R. C o n t .  Works  1 . 0  2 . 2  4 . 4  6 . 0  1 0 . 0  1 1 . 6  1 9 . 0  1 9 . 0  1 5 . 0  1 4 . 0  7 . 0  4 .4  
O ' B r i e n  C o n t .  Works 1 . 0  2-.O 7.0 1 0 . 0  1 6 . 0  1 9 . 0  2 0 . 0  2 2 . 0  1 6 . 0  1 8 . 0  6 . 0  5 . 0  
Sewage  T. P l a n t s  E f f l u e n t :  
North S i d e  T .  P l a n t  1 0 . 0  1 0 . 0  1 0 . 0  1 2 . 0  1 4 . 0  1 8 . 0  20 .0  2 2 . 0  2 0 . 0  1 9 . 0  1 6 . 0  1 2 . 0  
W e s t - S o u t h w e s t  T. P l a n t  1 2 . 0  1 2 . 0  1 3 . 0  1 4 . 0  1 8 . 0  2 1 . 0  2 3 . 0  2 5 . 0  23 .0  2 1 . 0  1 8 . 0  1 4 . 0  
C a l u m e t  T r e a t m e n t  P l a n t  1 2 . 0  1 1 . 0  1 2 . 0  1 2 . 0  1 5 . 0  1 8 . 0  20 .0  22 .0  22 .0  2 0 . 0  1 7 . 0  1 3 . 0  
T r i b u t a r i e s :  
N o r t h  B r a n c h  C h i c a g o  R. 1 . 0  1 . 0  4 . 0  1 2 . 0  1 3 . 0  1 8 . 0  20 .0  1 9 . 0  1 4 . 0  9 . 0  2 .0  0  
G r a n d  C a l u m e t  R i v e r  3 . 0  8 . 0  7 .0  1 2 . 0  1 7 . 0  1 8 . 0  20 .0  21 .0  1 6 . 0  1 8 . 0  6 . 0  7 . 0  
L i t t l e  C a l u m e t  R i v e r  1 . 0  2 .2  4 . 0  1 0 . 0  1 6 . 9  1 8 . 0  1 7 . 3  1 9 . 3  1 3 . 8  1 1 . 3  1 . 0  2 .0  
* S o u r c e :  M e t r o p o l i t a n  S a n i t a r y  D i s t r i c t  o f  G r e a t e r  C h i c a g o ,  A n n u a l  M a i n t e n a n c e  
a n d  O p e r a t i o n  R e p o r t s , 1 9 7 2 - 1 9 7 5 .  
A p p e n d i x  E 
Average X o n t h l y  F l o w  o f  t h e  Major I n f l u e n t s  t o  t h e  C h i c a g o  R i v e r  a n d  
C a n a l  S y s t e m ,  c f s *  
DISCHARGE SOURCE JAN. FEB. MAR. APR. MAY J U N .  JUL. AUG. SEPT. OCT. NOV. DEC. 
Direct' D i v e r s i o n s :  
W i l m e t t e  Pump. S t a t .  9 1  3 8  3 9  4 4  4 1  4 3  4 5  4 4  46  4 3  6 1  1 8 7  
C h i c a g o  R. C o n t .  Works  1 3 5  294 34  84 8 1  1 4 2  1 4 2  1 4 8  1 0 7  96  7 8  224 
O ' B r i e n  C o n t .  Works  1 7 6  330 6 3  8 0  1 7 8  1 7 4  1 7 4  1 8 5  1 3 8  1 1 9  1 2 1  3 0 6  
Sewage  T.  P l a n t s  E f f l u e n t :  
2 
N o r t h  S i d e  T. P l a n t  504  4 9 1  554  5 7 3  5 4 0  5 2 6  5 3 1  5 3 1  4 9 7  4 8 3  4 8 9  5 0 9  
W e s t - S o u t h w e s t  T .  P l a n t  1 2 7 1  1 2 5 4  1 3 9 1  1 4 5 7  1 3 9 0  1 3 6 7  1 4 2 2  1 4 2 4  1 2 9 5  1 2 2 7  1 1 9 9  1 2 3 9  . 
C a l u m e t  T r e a t m e n t  P l a n t  3 3 1  2 9 3  3 4 9  3 7 2  3 5 2  3 3 9  3 1 3  3 0 6  2 8 1  286  3 0 8  3 3 2  
T r i b u t a r i e s :  
N o r t h  B r a n c h  C h i c a g o  R. 1 8 5  1 7 5  2 1 5  2 5 5  2 1 5  1 6 0  8 0  1 0 5  90  80  1 0 0  1 4 5  
G r a n d  C a l u m e t  R i v e r  5 3  4 8  40  6 3  76  7 1  34  30  2 9  26  29  38  
L i t t l e  C a l u m e t  R i v e r  4 1 7  370  304  4 7 3  4 6 2  ' 4 8 5  1 2 3  1 0 8  1 1 4  7 8  1 4 2  1 8 0  
"Source: Metropolitan S a n i t a r y  D i s t r i c t  o f  G r e a t e r  C h i c a g o ,  A n n u a l  M a i n t e n a n c e  
a n d  O p e r a t i o n  R e p o r t s ,  1972-1975.  
Appendix F 
Length,  Average Depth, and Cross -Sec t iona l  Area o f  R ive r  Reaches Used i n  t h e  
S o l u t i o n  Procedure  a f t e r  I n s t r eam Aera t i on*  
Beginning and Average Average Length of 
Reach Ending River  Depth Cross-Sect .  Reach, 
Number Ending P o i n t s  Mile** f t .  Area ,  f t 2  M i l e s  
W i l m e t t e  pump S t a t . -  340.7 - 336.5 
Nor th  S i d e  T r e a t ,  P. 
North S i d e  Treat .P . -  336.5 - 334.8 
Ae ra t i on  S t a t i o n  A 
A e r a t i o n  S t a t i o n  A- 334.8 - 333.4 
Nor th  B.C.R. J u n c t .  
Nor th  B.C.R.  J unc t . -  333.4 - 328.8 
Ae ra t i on  S t a t i o n  B 
Ae ra t i on  S t a t i o n  B- 328.8 - 325.6 
Chicago River  J u n c t .  
Chicago River  J u n c t . -  325.6 - 325.5 
A e r a t i o n  S t a t i o n  C 
Ae ra t i on  S t a t i o n  C- 325.5 - 315.8 
W .Southwest  .T .P. 
W.Southwest T.P. 315.8 - 313.6 
A e r a t i o n  S t a t i o n  D 
A p p e n d i x  F  ( C o n t i n u e d )  . . 
R e a c h  
Number E n d i n g  P o i n t s  
B e g i n n i n g  a n d  A v e r a g e  A v e r a g e  L e n g t h  o f  
E n d i n g  R i v e r  D e p t h  C r o s s - S e c t .  R e a c h ,  
M i l e s * *  f t .  A r e a ,  f t 2  M i l e s  
9 .  A e r a t i o n  S t a t i o n  D- 313 .6  - 303.4  1 7 . 4  4294 1 0 . 2  
C a l u m e t  S a g  J u n c t .  
1 0 .  C a l u m e t  S a g  J u n c t . -  303.4  - 3 0 2 . 2  25 .2  4 1 6 0  1 . 2  
A e r a t i o n  S t a t i o n  E  
11. A e r a t i o n  S t a t i o n  E- 302 .2  - 3 0 0 . 5  2 5 . 2  4 1 6 0  
Lemont  T .  P l a n t  
1 2 .  Lemont  T. P l a n t -  3 0 0 . 5  - 2 9 1 . 1  1 8 . 4  4288  9 .4  
L o c k p o r t  C. Works  
1 3 .  O ' B r i e n  C. Works- 3 2 6 . 5  - 3 2 5 . 6  9 . 0  4852  0 .9  
G r a n d  C a l .  R. J u n c t .  
1 4 .  G r a n d  C a l .  R. J u n c t . -  3 2 5 . 6  - 3 2 4 . 0  1 0 . 1  4744  1 . 6  
A e r a t i o n  S t a t i o n  F  
1 5 .  A e r a t i o n  S t a t i o n  F- 3 2 4 . 0  - 3 2 1 . 3  1 0 . 1  4744 2 .7  
C a l u m e t  T .  P l a n t  
1 6 .  C a l u m e t  T .  P l a n t -  3 2 1 . 3  - 319 .6  1 0 . 5  3237  
L i t t l e  C a l .  R. J u n c t .  
1 7 .  L i t t l e  C a l . R . J u n c t . -  3 1 9 . 6  - 3 1 9 . 5  9 . 8  2830  0 . 1  
A e r a t i o n  S t a t i o n  G  
1 8 .  A e r a t i o n  S t a t i o n  G- 319 .5  - 3 1 6 . 0  9 . 8  2 8 3 0  3 . 5  
A e r a t i o n  S t a t i o n  H 
Appendix F (Cont inued)  
Beginning and Average Average Length o f  
Reach Ending R i v e r  Depth Cross-Sect .  Reach, 
Number Ending P o i n t s  M i l e s * *  f t .  A r e a ,  f t 2  M i l e s  
1 9 .  A e r a t i o n  S t a t i o n  H- 316.0 - 311.0 9.8 2830 5.0 
A e r a t i o n  S t a t i o n  J 
20. A e r a t i o n  S t a t i o n  J- 311.0 - 308.5 9.8 2830 2 . 5  
A e r a t i o n  S t a t i o n  K 
21. A e r a t i o n  S t a t i o n  K- 308.5 - 303.4 9.8 2830 5 . 1  
Calumet Sag J u n c t .  
With Main c h a n n e l  
*Source: I l l i n o i s  S t a t e  Water Survey,  May 1974. 
**  
Mileage  from I l l i n o i s  R i v e r  Mouth a t  G r a f t o n .  
